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1. Long Range Science Rover (1400K) *

Task Manager: Samad.Hayati@jpl.nasa.gov
(818) 354-8273

Technical Objectives, Rationale, and Mission Applicability

This task develops long range science rovers with the goal of covering tens of km for long
duration missions currently envisioned for sample return from Mars. Enabling technologies are
long-distance non-line-of-sight navigation; autonomous confirmation of goals and concatenated
execution  of commands;  rover mounted control of in-situ sampling devices; and pointing and
placement of multiple instruments.  Current microrovers have several limitations that preclude
more ambitious science rich missions. They have very limited range (10s of meters), are not
capable of sample acquisition and manipulation (i.e., soil and rock acquisition, subsurface access,
pointing and burial of instruments), have limited science packages onboard, are designed for short
term missions (10 days), and require careful and repetitive ground monitoring and control (limited
autonomy).

There is great interest in the science community to explore Mars by landing near interesting
geographic areas and moving to pre-selected targets. Rovers are valuable since they can
compensate for landing errors, and provide the mobility to visit several sites. At each site, it is
desirable to place instruments against outcrops or loose rocks, search an area for a sample of
interest, and possibly collect rocks and soil samples for return to Earth.  Long traverse will also
provide an opportunity to make observations and measurements along the way providing access
to a wide variety of rocks from different areas.

This task develops core technologies needed for long range traverse in natural rough terrains.
More specifically, this task develops and tests robust traverse to designated targets, passive and
active sensor based collision avoidance and path planning, accurate science instrument pointing
and placement, rover mounted sample acquisition and sample manipulation and distributed WEB
based rover operations.  

Some technologies such as rover based drilling, rover based sample acquisition, and rover based
science instrument placement are developed in coordination with other core technology tasks and
then transferred to the FIDO Rover as developed technologies for integration. The emphasis of
this task is to provide needed technologies for the 2003 and 2005  rovers by means of technology
deliveries to the FIDO integration and field test Rover. Technical emphasis of this task will be to
increase the level of autonomy resulting in more science return per uplink command, and reduced
mission operation cost.

                                                
* Per HQ's guidelines: $950K from UPN  632 and  $450K from UPN 839



Technical Approach

This technology development task combines both research and actual rover experiments to
advance the existing autonomous vehicle technologies for future Mars missions. While the
primary focus is research, engineering outdoor experiments, both at JPL's Mars Yard and in other
locations, will be carried out to test and validate core element technologies in realistic settings.

This task uses the Rocky-7 Rover and Rocky-8 Rover (currently under development) to develop
and demonstrate navigation and control strategies for future Mars rovers.  The software
technologies developed in this task will be integrated into another JPL task from the Exploration
Technology program called Rover Design, Fabrication, Integration, and Test Task. Several
technology subtasks discussed below will be developed to provide navigation, sensor, and control
technologies needed for long range science rovers.

Ground System Automated Waypoint Generation:

Automated waypoint generation will be developed and integrated into the Web Interface for
Telescience (WITS). This will enable the mission plan to be automatically updated whenever a
science target and activity is entered, deleted or modified. Then the science team will immediately
see a valid mission plan after they enter their science tasks. This will eliminate the current
separate interactive waypoint generation step which is done after all the science targets are input.
Automated waypoint generation will decrease mission planning time by enabling the science team
to quickly try out various science task options and know that a plan is achievable. The
development of ground system automated waypoint generation will include terrain analysis to
generate a feature map and path planning with multiple constraints to generate the rover path. If
alternative plans are possible, e.g. by eliminating expensive science targets to meet time
constraints, or via different allowable risk levels, then the alternatives will be displayed and the
scientists will choose the desired path. Faster mission planning time relative to the Sojourner
mission will be demonstrated by performing similar operations and comparing both the process
used and the time required for planning. It is anticipated that a threefold reduction in rover
planning time will be achieved relative to the Sojourner baseline, as well as enabling collaborative
planning to be done by a science team distributed over the Internet. The particular emphasis of
this subtask is to develop ground based path planning and traversability analysis. We expect to
integrate ground task planning being developed through other funds into WITS.

In FY 98, terrain analysis and automated path generation will be integrated into WITS, given a
sequential list of science targets to reach. Also, we will work with ARC to integrate VEVI with
WITS according to our mutually agreed Rover Control Station (RoCS) design. In FY 99, multiple
automated path planners will be integrated into WITS to provide alternative path planning
approaches. Also, alternative paths will be automatically generated and visualized based upon
different traversal risk levels. Interactive modification of automatically generated paths will be



developed. Obstacles maps will be developed and will be visualized in various views. In FY 00,
we will include temporal and energy constraints (e.g., required times for science activities and
traversal costs to the locations, to automate the temporal ordering of science targets.

Technology Readiness Level for This Subtask:

1996   1997   1998   1999   2000   2001   2002   2003
    ------ ------ ------ ------ ------ ------ ------ ------
TRL:   2             3         4      5             6 _______7
                           [-task span-]
                                               [--new task---------]

Autonomous Long Distance Navigation and Path Planning.

The focus in FY 98 for this subtask was to develop automated onboard path planning based on
acquiring near-to-mid range stereo images and computing terrain traversability based on rock
distribution. The  behavior based control technique used on Sojourner and earlier versions of the
Rocky-7 Rover is responsive only to the immediate rocks in front of the rover and cannot plan
extended paths. Our new approach searches  for paths in the tangent visibility space obtained
from high-vantage range maps derived from mast stereo camera images.  These range maps are
also used to periodically localize the rover to high-precision to correct the inevitable motion
induced degradation of the onboard position/heading estimate. A successful development will
result in autonomous rover Way-Point Designation supplementing or replacing operator
designation. This will enable longer, less failure prone, and increased number of traverses per
uplink command. This function will be first tested in the JPL Mars Yard and then in a larger
outdoor terrain. This work is  done in collaboration with Caltech.

In FY 99, we will enhance the automated onboard path planner developed in FY 98 by
incorporating a traversability measure and path following control. The path planner would then
consider other factors such as steep slopes in developing a path and the rover will be able to
recover from wheel slippage and detours due to hazard avoidance. We will study the suitability
of other path planners (such as genetic algorithms) in addition to the present tangent visibility
space  technique for onboard path planing.   

These navigation and path-planning methods will then be enhanced to work over more extended
terrain. Imagery from the lander descent camera will be used to provide a larger spatial context for
rover planning. This long-distance regime also takes the rover operations away from the quasi-flat
terrain, local obstacle model of planning and navigation. One has to consider more global
constraints on rover paths such as terrain steepness and large scale obstacle features such as hills,
ridges, and channels.



Later we will focus on performance related issues in path-planning where path optimization is
the key technology thrust. Paths will be selected to optimize resource availability (e.g. avoid path
segments that might be in shade during certain times of the day), rover safety (i.e. pick safer but
perhaps longer paths), and driving/navigation efficiency (e.g. pick paths that have good
localization features).

In FY 99 we plan to demonstrate using a single command cycle traverse to a distant feature (100+
meters) that is occluded in the panoramic image but is visible in descent imagery.  In FY 00 we
plan to demonstrate an energy optimal 100 meter traverse to a distant point (100 + meters) and
achieve 20-30% better efficiency when compared to the FY 99 traverse.

Technology Readiness Level for This Subtask:

1996   1997   1998   1999   2000   2001   2002   2003
    ------ ------ ------ ------ ------ ------ ------ ------------
TRL:   2            3         4       5                        6___
                          [--task span-]

[------new task-----]
 

Sensor Based Rover Mobility Control

This subtask in FY 98 focussed on improvements to the driving speed and performance of the
Rover. The software architecture of Rocky 7 Rover was enhanced to allow driving and
perception related functions to be performed in parallel. The stereo processing software was also
optimized for faster computations as well as memory efficiency - this is especially important for
use on the near-term Mars rover missions that have limited computing resources.  The navigation
software was also enhanced so that the rover can drive in either direction, thus eliminating the
need for large turns.

In FY 99 and FY 00, we will focus on improved robustness as measured by  experimentally
obtained false alarm and miss statistics on obstacles in representative terrain. The improvements
to these performance numbers will be achieved primarily through improved perception -
especially in adverse lighting conditions or in feature-less terrain that degrades stereo correlation
performance. One approach would be  the use of a high-resolution stereo image  Òpush-broomÓ (
being developed by Sample Return Rover Task) which when combined with precision real-time
attitude estimation would allow high-fidelity terrain range/shape determination to support
obstacle detection.   Another approach would be to use hierarchical pyramid processing of stereo
images  to confirm obstacles detected in the low-resolution (but quickly processed) images of the
image pyramid by local analysis of higher resolution image windows maintained in the image
pyramid. We also intend to investigate more reliable  obstacle detection algorithms to replace or



supplement the step-height/slope based methods currently in use as well as perform experiments
with new lightweight laser radar sensors (procured in FY 98) for hazard detection.

We will also address driving control algorithms and software for more adverse terrain. This
capability will allow the rover to ascend and descend steep slopes without hazard (e.g. a switch-
back type controlled path instead of a straight line descent). Individual wheel control will be
coordinated at a higher level to ensure adequate torque at the critical load bearing wheels. Wheel
steering  geometry will be optimally controlled to maintain better grip on steep or slippery
surfaces. We will also implement path following algorithms that will bring the vehicle back to its
designated path after hazard avoidance or slippage. This is required to coordinate the vehicleÕs
local reactive control and onboard path planning activities.

In FY 99 we will demonstrate  25% decrease in the false obstacle alarms. We will also
demonstrate path following to within 0.1 m of a designated path extending over 10 meters. We
expect to demonstrate in FY 00 descent and ascent along a steep slippery slope. As this
represents a new capability there is no quantified performance associated with this
demonstration other than showing a capability that would be impossible without the new
developments.

Technology Readiness Level for This Subtask:

1996   1997   1998   1999   2000   2001   2002   2003
    ------ ------ ------ ------ ------ ------ ------ ------------
TRL:   2            3         4       5                             6
                          [--task span-]

[------new task-----]

Autonomous executive: Communication with a Mars rover is limited to essentially one cycle
per day.  This is a long time if the rover encounters an unexpected contingency and has to abort
its sequence to await new instructions from the ground.  It is a short time for ground staff to turn
around a new sequence.  Thus, when a rover is commanded using traditional open-loop
sequencing technology, operator workload is very high, and the rover is utilized inefficiently.
This task develops an on-board autonomous executive to allow a rover to 1) be commanded at a
higher level of abstraction to reduce operator workload and 2) recover autonomously from
unexpected contingencies so that productive time is not lost waiting for the next command cycle.
We will leverage existing AI technology developed under other NASA programs such as the
remote agent.  This executive will make it easier to integrate new capabilities developed by the
Rover Autonomy Program to be implemented on the Rocky 7 Rover.  As such, this executive's
role is to enable AI  software integration on to the Rocky 7 platform.



In FY 98 we integrated the existing ESL based executive on Rocky 7.  Due to the large size of  the
software, this executive physically is off board the rover, but simulates onboard capability by
communicating to the rover using existing wireless Ethernet capability.

In FY 99, we will go beyond the simple demonstration of this executive and will switch from
presently used SCE executive (which can only handle single events at a time) to ESL. We will
then demonstrate more complex scenarios using this executive's capabilities. In FY 00 We will
port the software onboard the rover. This is conditional based on the successful small LISP
implementation effort that is ongoing at JPL for the New Millennium Project.  

Technology Readiness Level for This Subtask:

1996   1997   1998   1999        2000   2001   2002   2003
    ------ ------ ------ ------ ------ ------ ------ ------------
TRL:   2                   3                4______5________6
                                [-task span-]

       [------new task-----]

Major milestones:

Milestone Description* FY/Q
• Development and integration of a 3 DOF mast to Rocky 7 97/Q1

• 200 m field testing of Rocky 7 with scientist participation 97/Q1

• 1- 2 km field testing of a science rover using 100% remote
operations (Level 1 milestone)

97/Q3

• Will demonstrate terrain analysis and automated path generation
in WITS.  Will show a three-fold reduction in planning time relative
to Sojourner operation

98/Q4

• Will integrate VEVI with WITS in collaboration with ARC 98/Q4

• Will demonstrate autonomous path planning (40 meters
traverse per uplink  command). Will reduce number of
command cycles by a factor of four relative to FY '97 Rocky-7
operation in rocky terrain. FY 98 Level-1 Milestone.

98/Q4

• Will demonstrate continuous and bi-directional driving using
multiple sensors. Two fold increase in rover speed and increased
total traverse will be demonstrated

98/Q4



• Will demonstrate science instrument placement using a single
command cycle at 10 meters (collaboration with PDM and ARC)

98/Q4

• Will demonstrate automated planning which will include
temporal and energy constraints.

99/Q4

• Will demonstrate using a single command cycle traverse to
a distant feature (100+ meters) that is occluded in the
panoramic image but is visible in descent imagery. FY 99 Level-
1 Milestone.

99/Q4

• Will demonstrate 25% decrease in the false obstacle alarms 99/Q4

• Will demonstrate an energy optimal 100 meter traverse to a
distant point (100 + meters) and achieve 20-30% better
efficiency when compared to the FY 99 traverse. FY 00
Level-1 Milestone

00/Q4

• Will demonstrate descent and ascent along a steep slippery slope 00/Q4

Resources:

FY
96

FY 97 FY 98 FY 99 FY 00

NASA Funding Profile ($K)
• Long Range Science Rover

1400 1400 1400 1400 1400

Full Time Equivalent (WY):
• Long Range Science Rover

6.0 6.0 6.5 6.0 7.0

Current Grants and Contracts:

Related university contracts which deliver hardware and software to this task are:

Caltech, Professor Burdick: Advanced Navigation
USC, Professor Bekey, Rover state estimation
San Diego State University, Professor Tarokh: Smart driving
UCLA, Professor Shiller: Optimal path planning

Collaborative/Other Supporting Work:

• Ames Research Center:  Virtual Reality

• Washington University (Professor Ray Arvidson, and others):  Science operations

• Professor Kligelhofer (Institut fur Kernphysik, Germany): Moessbauer Spectrometer



• SoHar Inc: Web Based Interface (SBIR)

• Planetary Dexterous Manipulators: Manipulation technology

•  Field Integration, Development and Operations Task, Paul Schenker: Vehicle
development technology transfer to LRSR and software transfer from LRSR to FIDO.



2. Sample Return Rover  (1000K = 650K/UPN 632 + 350K/UPN 639)

Task Manager:  Paul S. Schenker,  paul.s.schenker@jpl.nasa.gov
(818) 354-2681 voice,  (818) 393-4057 FAX

Technical Objectives, Rationale and Mission Applicability:

The task objective is to develop and coherently evaluate technologies for rover-based retrieval of
cached samples on Mars. The additional technologies to scientifically select, robotically acquire,
physically cache and protectively contain such samples are products of other NASA tasks, e.g.,
work within the Telerobotics (TR) and Exploration Technology (ET) programs on landers,
science rovers, robot arms, drills, sub-surface samplers, balloons, miniaturized instrumentation,
etc. NASA R&D also provides related techniques for planetary protection, precision landing, and
Mars ascent vehicle (MAV) propulsion.  In summary, it is the Sample Return Rover (SRR)
taskÕs unique responsibility to technically conceive and operationally demonstrate approaches
whereby pre-existing sample caches can be quickly accessed, rapidly transported, and reliably
transferred onto an awaiting earth return vehicle and containment.

A rationale for Mars in situ exploration and sample return Ð the continued investigation of
Martian surface history and prevailing climate, life and resources Ð has been established by the
NASA Mars Science Working Group/MESG and Code S mission planners. Interest in sample
return was further greatly heightened by a recent analysis of the Antarctic ice field SNC meteorite
"Allen Hills 84001Ó and identification of complex PAH compounds within. The chemistry,
mineralogy, and texture of these compounds and surrounding carbonates infer biological origin,
and a conclusion that there is evidence for primitive life on Mars. NASAÕs Mars Pathfinder Ô96
(Sojourner rover) and Mars Surveyor Õ98 (Mars Volatiles and Climate Surveyor science payload)
have begun post-Viking surface explorations. Their activities are spatially local, brief, subject to
landing ellipse error, and collect few samples (MVACS). A better scientific understanding and the
planned later human visitation of Mars (cf. NASA HEDS program) require broader ranging, more
complete surveys. Thus, subsequent MSP Ô03/Õ05 missions and beyond will carry long ranging,
diversely instrumented science rovers  (see, as example, the Athena payload reference) Ð Òmobile
science laboratoriesÓ -- that may traverse 10Õs of kilometers, visit numerous sites, over many
months. Such rovers, guided by ground science interaction, will extract numerous soil and rock
samples, analyzing some in situ and caching the most promising materials for later retrieval. (One
can further envision Ð a 5-to-15 year projection Ð a pervasive networked robotic presence on
Mars for sustaining, wide-ranging collection of in-situ data by multiple robotic resources, broad
earth-linked interplanetary data net access by the global science community, and frequent sample
retrievals from wide-spread multiple sites, either to MAVÕs for earth return, or to local Mars
science bases providing substantive analysis resources and possibly human co-occupation).



Sample return thus will enable far more detailed earth analysis of morphology, chemistry, and
comparative mineralogy.  A means must be developed to efficiently and robustly return collected
samples from the field to a Mars ascent vehicle (MAV), whether such operations are performed by
that rover (Òscience roverÓ) which also selects and collects the samples, or by a dedicated Òfetch
roverÓ optimized to fast area retrievals from multiple sites.

With regard to applications scope, Sample Return Rover (SRR) is a NASA Òtechnology pullÓ
task, originally responding to Level II Science Mission and Instrument requirements 1.6
(ÒLanders, Penetrators, and Sample Return/ MSR2005Ó) and 4.1 (ÒPlanetary Telerobotics
/Advanced RoversÓ). Work done in this task is thus fundamentally enabling to the technical
definition, R&D design, and early operational proof of concept for planned missions within the
Code S Mars Surveyor Program Ô01-Õ05 and later ~ 26 month interval mission sets. Beyond this
Mars mission focused technology, the SRR task produces crosscutting core technologies in the
areas of autonomous sensing & controls for high-speed rover navigation-and-rendezvous, and low
mass-and-volume mechanization of all-terrain survivable rovers (see for example, the taskÕs prior
development of the ÒLightweight Survivable Rover (LSR-1),Ó and Sample Return Rover (SRR-
1)Ó 5-to-10 kg prototypes).  This technology base is enabling for many other terrestrial and
planetary applications, including Òback-packÓ rover explorers and field assistants for human
exploration and habitation of Mars (NASA/HEDS), military reconnaissance and tactical battle
(DARPA), and hazardous areal inspections (DARPA/DOE).

Technical Approach (operational concepts and enabling core technologies)

There are currently two basic operational paradigms under consideration for rover-based sample
return in the Mars mission sets (cf. C. Elachi/JPL, Mars Architecture Definition study, summer
Õ98, and D. McCleese/Mars Expeditions Strategy Group, summer Õ97). One approach entails a
Òsurface rendezvous,Ó in which a small Òfetch rover (aka Òcache-grabÓ) is landed (assumedly in a
successor mission to sample collection), and rapidly goes to, interacts with, and returns a cache
from a nearby repository to an awaiting MAV, perhaps in as little as a sol. Precision landing
might enable this operation to be restricted to within as little as 100 meters of a target ÒdeadÓ
science rover and its on-board cache. This operations scenario breaks down to a sequence of five
basic Òphases (Cf., extensive technical discussion in our TRIWG Õ99 proposal for this task),Ó all
desirably executed with maximum autonomy and speed, continuous sensory verification of
critical actions, and contingent recovery for any single point failures (ex: loss of beaconed
guidance, loss of goal-track/terminal-guidance on cache site, dropped cache É)

Sequence Name Function
Phase 1 Open Field Traverse High-speed beaconed traverse, lander-to-cache site (100+ meters)
Phase 2 Search/Localization Search & localize (position/aspect) science rover, heading update
Phase 3 Approach to Cache SRR sensor guided arc-maneuver onto approach vector to cache
Phase 4 Cache Acquisition Visual guidance into cache, SRR pose, and cache acquisition
Phase 5 Transport/Transfer Exit science area, acquire lander heading,  return-transfer cache



More recent thinking from the above Mars
Architecture study suggests integrating the science collection and sample return phases where
possible, in which case a rover performs dual-functions, first collecting samples and then
returning them to its lander one or more times (e.g., making multiple outbound science acquisition
loops of increasing horizon). This Òintegrated sample returnÓ paradigm is a trade space with
risk of the separate precision-landed cache-grab mission, and current thinking suggests both the
Mars Surveyor Õ03/Õ05 missions (Athena-class rover) will execute all phases of the Òsample
trainÓ through a sample cache transfer back to the lander (with MSP Õ05 completing earth return).
Whichever paradigm is chosen/utilized for  flight (or both, within  multiple mission applications),
these operational and technical issues prevail:

•  minimizing the time spent in traverses to-or-from the lander
•  maintaining accurate rover heading to cache or/and lander
•  search-and-localization of cache site or/and lander entrance
•  visual track/cooperative rendezvous with site or/and lander
•  visual registration of cache and or lander transfer apparatus
•  automation and verification of these sequences with backups

The high-speed automation of these functions is key to mission productivity.  It would not be
acceptable to have frequent down-links for either verification or operator interventions.
(Examples of major impact on productivity would include requirements for the ground operator
to plan/observe/revise navigation path progress, manually designate visual features of interest,
perform visual coordinate registration of rover/lander/cache-site coordinate frames, tele-program
robot arm cache pick-up/transfer motions É).  Mission time should be maximized to science
opportunity and rover resources, particularly where a longer ranging science rover may perform a
dual function trade of power/survivability/range/observational-resources/communications against
time spent on sample return legs of the mission.

Based on the above rationale, operational concepts, and system impact factors, we have focused
our core technology developments per the product areas below. See the later milestones for a
listing of quantified Level 1 system capability targets by FY. Further, at the end of this section, we
list detailed performance metrics and a technology readiness level (TRL) schedule for each such
Level 2 technology product area:

Left:  SRR-1 in simulated sample cache retrieval
scenario (JPL arroyo). In the distance, upper left
is LSR-1 Òscience rover,Ó which SRR-1 navigates
to, visual localizes, approaches under visual term-
inal guidance, and  -- after a visual designation of
onboard cache and precision determination of its
3D coordinates Ð acquires and transfers by means
of a 3-d.o.f. arm with opposable thumb-and-claw
end effector



Mobility & intelligent control

This technical thrust includes both mechanical architecture of rovers optimized for sample return,
and kinematics and traction control of high speed rovers in diverse terrains. Mechanical R&T
work is a mature area of the SRR task, having to date resulted in both the LSR-1 (FY96/97) and
SRR-1 (FY97/98, picture above) prototypes.  SRR-1 is a versatile testbed for mobility algorithm
development, with capability of speeds >35 cm/sec, and a pose-able rocker shoulder joint for c.g.
and climbing control. We do not plan further significant mechanical R&T for SRR unless a new
flight requirement suggests this. One area of continuing importance within this thrust, for which
JPL and MIT (Dubowsky) initiated cooperative work in FY98, is adaptive traction controls for
changing terrain and drive-loads. We conceived and produced simple benchtop/ breadboard proof-
of-concepts in FY98, and we will continue to develop this capability in the context of minimal-
slip driving (reduced odometry/heading error) and obstacle traverse during FY99; (small planned
modifications to SRR-1 include addition of independent wheel steering to the current skid-steered
architecture).  MITÕs work on Òphysically-based planningÓ of rover actions also couples well to
our development of reactive, sensor-based terrain traverses (see next topic).

Continuous terrain traverse

The goal of this technology development is maximum transit speed over open Mars terrain, to-
and-from a cache repository, or back to a lander/MAV-containment. The concept is reactive local
visual obstacle avoidance coupled to beacon-based global heading control into proximity of _man-
made_ targets of interest.  In FY98 we have developed and demonstrated key technology
components:  an integrated active/passive visual avoidance scheme for continuous driving at 5-to-
15 cm/sec (SRR-1, PC104/80486 architecture, with spot pushbroom sensor and Rocky-7 stereo-
based occupancy grid analysis, respectively operating in coarse-fine modes), and beacon-based
servoing using a novel radio direction finder implementation from distances of 100 m or more.
We will develop this area in several ways during FY99: design of faster obstacle detection and
reactive controls, characterization of the new beacon within a fused framework for joint use of
odometry (dead-reckoning) and beacon data, and initial experimentation on adaptive traction and
reactive physical planning (MIT/Dubowksy) for major terrain hazards/obstacles. The scope of
this development includes operation in the event of beacon drop-out (See further comments
below on our successful development and demonstration this year of an SRR Extended Kalman
Filter (EKF) sensor fusion architecture for rover precision guidance.)

Goal search and acquisition

This technology development focuses on finding and establishing rover heading into the cache site
or lander/MAV complex (or more generally, any man-made structure with artifactual features or
explicit markings). The problem requires search/recognition/localization of a Ògoal,Ó be it field
cache repository, or lander complex.  In FY98, working in collaboration with Univ. So. Carolina
(Huntsberger, NASA SFF appointment) we made significant progress on first proof of
concept for a visual search routine that, as the beacon-guided rover comes within proximity of the
target (~10 m), can robustly detect a target image area of interest.  Complementing this, we have



developed a visual algorithm that can, given cooperative markings on cache-site/lander, robustly
detect the markings and estimate pose-range at arbitrary 3D aspect. During FY99, we will further
develop, quantify, and integrate these techniques into an operational sequence which can
autonomously transition from maximum stand-off range goal detection/recognition to accurate
rover initial heading into the goal.  

Precision terminal guidance

This technology development addresses safe guidance of the rover into a cooperative workspace
with the cache or transfer-containment, an operation spanning roughly 10 m into 0.5 m stand-off
distance.  Even in the absence of hazards/obstacles in the local work area (about the field cache
site or lander), the problem arises of maintaining a continuous visual ÒlockÓ on the goal. This
accomplished, once must then coordinate/sequence rover motion for a direct terminal approach
vector into the cache attachment point (or lander/MAV ingress point) -- with need to keep an
accurate state estimate of rover position-pose throughout.  The problem becomes much more
challenging if a Òstraight-inÓ terminal approach is precluded by obstacles/hazards, and ad hoc
course maneuvers have to be made. In FY98 we have made significant progress in several
supporting technologies.  First, we have developed a baseline approach to rover/goal-camera
continuous servo on the target once found (per above).  Second, we have developed an EKF-
based rover fused state estimation approach that can robustly exploit data from all engineering
sensors to maintain accurate coarse heading during an arbitrary set of ingress maneuvers.  As one
input to this architecture, working with MIT (Salisbury-Slotine), we developed a very effective
local visual feature tracking and guidance capability by which the rover can iteratively update its
position-pose on the fly. We have demonstrated this with great effectiveness (e.g., 40 cm error
over a 15-20 m traverse) for fusion of visual tracking and wheel odometry to a commanded goal.
During FY99 we will further develop these concepts, and integrating/demonstrating a cohesive
autonomous sequence for terminal guidance of the rover with areal hazards/obstacle-avoidance.
As a related element of this work, we will conceive/demonstrate an approach for visual guidance
into the lander/MAV delivery path (ingress at lander to beginning of cache transfer)

Cache pick-up and transfer

This technology development provides means to accurately locate a cache (at a field repository)
or/and its receiving mechanization (at lander/MAV) and autonomously carry out the cache pick-
up (onto a Òfetch roverÓ) or transfer (into MAV). Whether targeting a cache pick-up or MAV
handoff, there exists the problem of establishing an accurate workspace registration between the
transport rover and cache/MAV.  In the general case, this requirement implies precision eye-to-
hand coordination of the rover arm with the cache/MAV workspace.  In FY98 we demonstrated
capability to autonomously detect a marked cache, 3D-reference it in an accurately calibrated
stereo workspace, and pick-up the cache onto SRR by means of rover-borne arm.  (In fact, the
above noted visual feature tracking capability arose within the framework of a cooperative MIT-
JPL thesis study on rover-based visual manipulation, for which we more generally showed in
early FY98 the novel capability to autonomously detect/segment/pick-up samples-objects from the
workspace of a moving rover, cf. B. D. Hoffman, and references at end). In a new effort



cooperative with CMU (C. Leger/J. Bares), we have developed the capability to precisely register
a stored model of the field cache repository (or in principle, the lander/MAV access port) to
visually detected features of same, with accuracy ~1 cm at 0.5-1.0 m.  In FY99, we will generalize
these initial concepts in several ways. First, we will develop and demonstrate an approach to
robust pick-up of a marked cache that does not require an a priori good stereo workspace
calibration.  Second, we will develop a concept for the rapid recognition and pick-up of an
unmarked cache in arbitrary position (or one for which the markings have become obscured!).
Finally, we will focus on the lander/MAV transfer issue, working with flight team members to
define a transfer target model (currently being worked in the MED MarsÕ03/Õ05 and MSR
campaign study) and a technical approach to recognize/register/deliver-cache to same.

NASA TRL / Task Product FY96 FY97 FY98 FY99 FY00

1. Mobility and intelligent control 3 4 4 4 5
2. Continuous terrain traverse -- 3 3 4 4
3. Goal search and acquisition -- 2 3 4 4
4. Precision terminal guidance -- 2 3 4 4
5. Cache pick-up and transfer - 2 3 4 5
Integrated SRR operations capability -- 3 3 4 4

Performance Metrics for Development of Technology Functions FY96-00 (Mars Sample Return)

•  lightweight rovers & intelligent mobility control that are low-mass, collapsible, thermally durable, and agile
(metrics: ~75x60x45 cm3 LxWxH deployed, stowable to < 1/3 operating volume; <10 kg with cache transfer
mechanization; 20-to-40% total mass payload; multi-week thermal/power capability for mid-latitude Mars
operations +/-30_ or better; turn-in-place mobility; > one wheel dia. obstacle climbing in four wheel rocker
configurations; terrain adaptive traction control and reactive planning )

•  rover sensing & navigation for continuous motion without intermittent downlink (metrics: 5-to-30 cm/sec
avg. ground speed; real-time obstacle detection, mapping, and avoidance at > _ wheel diameter; beacon-based
guidance to 5-10% angular resolution and range; continuous position update via beacon-bearing-range/inertial/
odometry to 1-2% relative; continuous, rapid heading-and-range estimates in absence of beacon, enabling cache
homing within 5m from >100+m )

•  precision rover terminal guidance to stored cache by visual localization (metrics: detection-estimation of
science rover from >10 meters standoff and <30_ relative inclination of the two rovers; range/heading estimation
to 1-2%/0.5-2.0 degree resolution; continuous visual tracking accommodating obscuration; and ultimately
continuous rover motion during approach phase; relative positioning of sample return rover to science rover and
attached cache within 1-3 cm)

•  robust sample cache acquisition and transfer (metrics: ~100% confidence visual detection of a cooperatively
marked cache; image position estimate of cache/transfer-receptacle markings to <1 cm at ~1 meter rover standoff;
0.3-1.0 cm relative visual positioning of arm with respect to cache/receptacle without requirement of absolute
workspace camera calibration; capability to register-localize cache repository, cache, and lander/MAV  by
inherent structural features as well cooperative markings)

Major Milestones - FY99 to FY00 (and prior work of FY96-97):

The deliverables of this task are laboratory technology demonstrations and experimental field
trails, as outlined in the milestones below.  We document this work through a year-end report to
the NASA TRIWG (report format is a view-graph presentation and summary videotape),
external publications listed within that report, and monthly program highlights from JPL to the
NASA Code SM sponsor (See also informal task updates as listed on http:/robotics.jpl.nasa.gov)



FY96: Develop, demonstrate, and evaluate for local science sorties (10 meter dead-reckoning, MarsYard) in various
VL1/2 class terrain, a new volume-efficient rover mobility design Ð 20 cm wheel diameter, collapsible wheel
stowing to ~30% active volume Ð capable of traverses at 1-to-3 cm/sec under visual hazard detection/guidance by
novel spot-pushbroom hybrid laser/CCD-stereo sensor. Statistically characterize navigational system performance
relative to MPF/MFEX baseline [Sep 96]

FY97: Design, implement and demonstrate a Sample Return Rover (SRR) weighing less than 8 kilograms (cache
and cache handling mechanization < 3 Kg) in simulated near-field operations in benign terrain (10-100 meters) about
an ascent vehicle; this assumes bearing-guided navigation, cache recognition & localization, and robotic sample
container pick-up [Sep 97]

FY98: Develop and demonstrate continuous high speed SRR navigation to cache site using beacon bearing and
fast visual hazard detection (goal: 5-10 cm/sec over 50-100 meters); autonomous functions include open field hazard
avoidance, cache site localization, terminal approach to the cache in a benign area, and visually guided acquisition of
a marked cache [Sep 98]

FY99:  Develop and demonstrate high speed SRR navigation to cache site using beacon bearing-range and visual
terrain data for local precision positioning (goal: 20 cm/sec over 50-100 meters); autonomous functions include
adaptive traction control, accurate terminal approach to the cache with hazard avoidance in an obstructed area, visual
recognition of unmarked cache, and reacquisition of a dropped cache, concatenating as many operations as possible
into one autonomous sequence [Sep 99]

FY00:  Develop and demonstrate an end-to-end MSRÕ05 scenario (goal: > 30 cm/sec over 100Õs of meters),
under single command autonomy, with SRR navigating robustly to a cache site with surrounding hazards,
acquiring cache, transporting it back and handing off to ascent vehicle containment processing. Show this with
marked cache site (science rover), container, and lander; then repeat, removing these markings, and use of beacon
guidance Ð see what ÒbreaksÓ and document [Sep00]

Yearly Milestone Summary , Level1 (bold) and Level 2
Collapsible composite/Al wheel FY96, Q2
Integrated thermal-structural WEB FY96, Q3
Spot-pushbroom hazard sensor FY96, Q3
Lightweight Survivable Rover/LSR-1  (Level 1) FY96, Q4

Collapsible rover concept and mobility design FY97, Q2
Four wheel SRR-1 running gear w/ articulated struts FY97, Q3
Cache site localization in benign terrain (VTG) FY97, Q3
Sample Retrieval Rover/SRR-1 (Level 1) FY97, Q4

SRR-1 mobility control & terrain characterization FY98, Q2
Spot-pushbroom sensor real-time obstacle detection FY98, Q3
Continuous navigation to cache by beacon bearing FY98, Q3
Autonomous terminal guidance and acquisition FY98, Q4

SRR search/acquire  cache in benign area (Level 1) FY98, Q4
Area navigation by beacon bearing-range w/ EKF FY99, Q3
High speed maneuvers (reactive, adaptive traction) FY99, Q3
Terminal guidance with hazards & planned path FY99, Q3
Recognition-estimation-retrieval of unmarked cache FY99, Q4

SRR search/acquire cache in obstructed area (Level 1) FY99, Q4
High speed guidance by visual/map data (no beacon) FY00, Q2
Localization & terminal guidance without markings FY00, Q3
SRR sample cache transfer to ascent vehicle FY00, Q3
End-to-End MSRÕ05 autonomous scenario  (Level 1) FY00, Q4



Other Agency Sponsored Activities:

None at this time.

Resources:

FY98 FY99 FY00

NASA Funding Profile ($K)
(UPN 632-core/839-focus)

1000 1000
(650/350)

1000

Full Time Equivalents (WY) 4.3 3.8 3.5

Current Grants or Contracts:

The Telerobotics Program funds two supporting tasks at MIT:  1) robot visually-guided grasp
and control under Dr. J. K. Salisbury; and 2) physically based planning and control of rovers and
rover-based manipulators under Prof. Steve Dubowsky. We established a FY96-98 collaboration
with both of these TR program investigators and will continue joint work through targeted task
deliverables to JPL (software, control designs), student visitation at JPL, and on-site joint
experimentation.  As one example, M. S. student B. Hoffman of  K. SalisburyÕs lab was resident
at JPL for FY97-98 thesis study (P. Schenker) and developed significant elements of our cache
acquisition and rover visual tracking guidance procedures. Similarly, Ph. D. student S. Farritor of
S. DubowskyÕs lab initiated work on task-based procedures for fast terrain traverse and
autonomous hazard management by physically based reactive planning, and this work will be
continued in FY99 through fall semester visitation of Ph. D. student Karl Iagnemma.  CMU
established on-site collaboration with this task through summer Õ98 visitation of Ph. D. student
P.C. Leger, who working with JPL team members, developed and demonstrated a model-based
matching technique for cache site (lander) localization from inherent features. USoCarolina,
under a Summer Faculty Fellowship visitation (FY97-98) by Prof. Terry Huntsberger, has
developed means for image-based search and detection of the overall cache site (lander) and a
marked cache itself, within the manipulator workspace.

Collaborative/Other Supporting Work:

JPL/Planetary Dexterous Manipulators task: arm/effector design for rover-based functions
JPL/Long Range Science Rover task: stereo vision, WITS, navigation/path planning
JPL/Robotic Drilling & Containerization task: cache and containment mechanization
University Technical Exchanges USC, CSM, Univ. of Reading, and others

Flight Validation Plans:



Products of the SRR task feed the Exploration Technology program ÒFIDO (Field Integrated
Design & Operations) rover, and establish TRL 4-6 approaches/tests for Mars Ô03/Õ05 missions,
each of which are currently planned to implement a sample collection/retrieval. To this end, we
are working closely with the Mars Science Lab Ô03/Õ05 flight team (B. Goldstein) and MSR
sample return campaign (W. OÕNeil/M. Adler), with lander sample transfer design a focal issue.

Previous Significant Accomplishments:

[Level 1 demonstrated system capability]

FY96 work under this task developed a conceptual approach to low-mass, thermally survivable
rover design, which is a unifying theme of this ongoing Telerobotics Program task. The resulting
70x100x45 cm^3 (WxLxH), 7 Kg LSR-1 vehicle incorporates a novel exoskeletal thermal-
structural chassis, utilizes mass-reducing composites of JPL design, introduces a high-speed spot
pushbroom laser/CCD-stereo sensor for obstacle detection, and embodies unique collapsible 20
cm dia. wheels on 6-axle rocker-bogie running gear. LSR-1 was targeted and demonstrated for
local field science, and carrying a small .3 Kg multispectral imager and spectrophotometer.
FY97 work focused these light rover technology concepts toward a first sample return vehicle.
The milestone goal in this work has been to design an 8 Kg baseline rover system -- vehicle, cache
retrieval mechanism, and 1 Kg cache -- consistent with the above Òone-dayÓ scenario (provided
by JPL-MED/ MESG inputs to the task: a rover of about 10 Kg that could retrieve a 1 Kg cache
within a day, not more than 100 m away in benign terrain, daylight operations under primary
power). The resulting 4-axle bogie 55x85x46 cm^3, 7+ kg SRR-1 design incorporates an
endoskeletal composite frame (ÒWEB-less,Ó no thermal controls) and introduces a number of
novel mechanical features including collapsible wheels and running gear, a powerful all-composite
cache retrieval arm, and first technical concepts for guidance to the cache site and visually
localizing the cache.

FY98 work developed, using the above SRR-1 vehicle, a proof of concept for sample cache
retrieval from a field repository 100 meters distant, demonstrating significant levels of mission
autonomy.  This JPL-arroyo based demonstration introduced important new technology
functions developed within this FY: autonomous beacon guidance of the rover servo from lander
to cache site (LSR-1 w/ cache as simulated science rover in field); continuous rover motion and
obstacle detection at speeds of 5-15 cm/sec over 100 m; automated search and detection of the
cache site from 10 m distance by a visual Òarea of interest (AOI)Ó operator; automated
localization of cooperatively marked cache site in arbitrary 3D perspective to ~ 2 % range and
pose accuracy; and automated terminal docking and cache-pick-up with 1-2 cm accuracy at 0.5-
1.0 meter standoff. Related technology development/demonstrations included: a high performance
visual terrain tracking algorithm and its integration with a new Extended Kalman Filter sensor
fusion architecture for precision terminal guidance of the rover into the cache/lander (enabling
optimal use of all available data sources, including possible loss of sensor inputs); proof of
concept for very accurate registration/localization of the cache site (lander/MAV) by matching to



structural features (~ 1-2% error in initial trails). Further, the SRR PC104/80x86-VxWorks
computing architecture was selected and successfully developed for the Exploration
Program/FIDO rover.

•  FY96 - Collapsible rover wheel
•  FY96 - Spot-pushbroom sensor
•  FY96 - Integrated structural-thermal chassis
•  FY96 - LSR-1 vehicle demonstrating all the above
•  FY97 - Collapsible 3D composite running gear
•  FY97 - Articulated four-wheel suspension
•  FY97 - Cooperative visual localization of cache
•  FY97 - Self-deploying, collapsible SRR-1 vehicle
•  FY97 - First demo of rover sample return function
•  FY98 - Automated beacon guidance of rover heading
•  FY98 - Continuous rover motion at 5-to-15 cm/sec
•  FY98 - Automated cache site detection (AOI operator)
•  FY98 - Visual motion tracking and rover position update
•  FY98 - EKF-based sensor fusion for precision guidance
•  FY98 - Registration of cache site by modeled features
•  FY98 - Semi-autonomous 100m cache retrieval
 [Summary SRR task R&D  references with further citations of task publications within]

P. S. Schenker, L. F. Sword, A. J. Ganino, D. B. Bickler, G. S. Hickey, D. K. Brown, E. T.
Baumgartner, L. H. Matthies, B. H. Wilcox, T. Balch, H. Aghazarian and M. S. Garrett,
"Lightweight rovers for Mars science exploration and sample return," Intelligent Robotics and
Computer Vision XVI, SPIE Proc. 3208, Pittsburgh, PA, Oct. 14-17, 1997 (13 pages).

P. S. Schenker, E. T. Baumgartner, S. Lee, H. Aghazarian, M. S. Garrett, R. A. Lindemann, D. K.
Brown, Y. Bar-Cohen, S. S. Lih, B. Joffe, and S. S. Kim, Jet Propulsion Laboratory; B. H.
Hoffman, Massachusetts Institute of Technology; T. Huntsberger, Univ. of So. Carolina,
"Dexterous robotic sampling for Mars in-situ science," Intelligent Robotics and Computer Vision
XVI, SPIE Proc. 3208, Pittsburgh, PA, Oct. 14-17, 1997 (Invited, 16 pages).

P. S. Schenker, E. T. Baumgartner, R. A. Lindemann, H. Aghazarian, D. Q. Zhu, A. J. Ganino,  L.
F. Sword, M. S. Garrett, B. A. Kennedy, G. S. Hickey, A. S. Lai, L. H. Matthies; Jet Propulsion
Lab.; B. D. Hoffman, Massachusetts Inst. Technology; T. E. Huntsberger, Univ. So. Carolina,
ÒNew planetary rovers for long range Mars science and sample return,Ó Intelligent Robotics and
Computer Vision XVII, SPIE Proc. 3522, Boston, MA, Nov. 1-5, 1998 (Invited, 14 pages).

E. T. Baumgartner, P. S. Schenker, Jet Propulsion Lab.; B. D. Hoffman, Mass. Inst. Technology;
T. E. Huntsberger; Univ. So. Carolina, ÒSensor fused navigation and manipulation from a
planetary rover,Ó in Sensor Fusion and Decentralized Control in Robotic Systems (Eds., P. S.
Schenker, G. T. McKee), SPIE Proc. 3523, November, 1998, Boston, MA; E. T. Baumgartner



and S. B. Skaar, "An Autonomous Vision-Based Mobile Robot," IEEE Transactions on
Automatic Control, Vol. 39, No. 3, pp. 493-502, March, 1994; J.-D. Yoder, E. T. Baumgartner,
and S. B. Skaar, "Initial Results in the Development of a Guidance System for a Powered
Wheelchair," IEEE Transactions on Rehabilitation Engineering, Vol. 4, No. 3, pp. 143-151,
September, 1996

B. Hoffman, E. Baumgartner, P. Schenker, and T. Huntsberger, "Improved Rover State
Estimation in Challenging Terrain", to appear in Autonomous Robots, February, 1999; H. J. S.
Feder, and J.-J E. Slotine, "Real-Time Path Planning Using Harmonic Potentials In Dynamic
Environments,Ó 1997 IEEE International Conference on Robotics and Automation, Albuquerque,
NM, April.

F. Espinal, T. Huntsberger, B. Jawerth, and T. Kubota, "Wavelet-based texture analysis for
automatic target recognition," in SPIE Optical Engineering, January, 1998.



3. Planetary Dexterous Manipulators (UPN 839, 1000K)

Task Manager: Hari.Das@jpl.nasa.gov
(818) 354-9174

Technical Objectives, Rationale and Mission Applicability

The Planetary Dexterous Manipulators (PDM) task is developing advanced hardware, software
and algorithms for lander and rover based manipulation with robotic arms and end effectors for
use in planetary surface and near-surface exploration. This task develops and evaluates new
manipulator component and control technologies for reduction of mass, volume, power
consumption and cost while extending the capability of dexterous robot arms for planetary
exploration.

Analysis and design tools for robot arm development and compact & powerful actuators
developed by PDM will enable implementation of high-performance, lightweight manipulators
optimized for their specific applications. Autonomous vision-guided manipulator control
algorithms demonstrated by PDM will extend the capability of planetary rovers by using fewer
command cycles for sample acquisition and instrument placement during the limited mission
lifetimes available for planetary exploration. Proposed analyses for anticipating rover and lander
base stability limits, increasing stability with the use of manipulator arms for balance and use of
manipulators for recovering from toppling in rough terrain can extend the range of rovers by
increasing the bounds on allowable terrain roughness.

The target PDM mission application is the Mars Surveyor Program - a planned series of
missions to explore the climate, geology and possible biology on Mars over the next several
years. Activities planned with rover vehicles on some of the missions include close-up viewing,
analytic probing, instrument placement, and sample exposure, acquisition, storage and cache for
return to Earth under extreme environmental conditions. These activities require manipulation of
instruments, tools and samples from rover and lander platforms.

The PDM task's objectives over the next year are to 1) continue to develop innovative
manipulator designs and actuators and to demonstrate them, 2) develop autonomous manipulator
control algorithms for sample acquisition and instrument placement, and 3) demonstrate new
applications for rover mounted manipulators. Demonstrations of prototype algorithms and
hardware will be conducted in collaboration with the Long Range Science Rover (LRSR) task led
by Samad Hayati and the Exploration Technology Rover (E/TR) task led by Paul Schenker.



Technical Approach

FY99 will be the final year of the PDM task. We will focus on the research and development of a
dual-arm sample acquisition and storage, instrument pointing and placement system that extends
the utility and stability of a rover in FY99. The elements of the platform upon which the work
will be carried out are:
1) Micro-instrument Arm - a manipulator arm designed for installation on the next generation

science rover with integrated instrumentation, an end effector for instrument placement, and
sample and soil acquisition,

2) Micro-mast Arm - for stereo camera positioning for vehicle inspection, automonous visual
localization and tracking, navigation and panoramic viewing,

3)  a  mechanical mock-up of the FIDO rover platform,
4) computing and control hardware compatible with hardware used by the LRSR or E/TR rover

platforms,
5) advanced control software for coordinated vehicle and arm control, autonomous science

instrument pointing and placement, manipulator tip force and autonomous  visual servo
control.

Operational capabilities that the above will enable are autonomous sample acquisition, and
transfer with an end effector or specialized tool, deployment and autonomous pointing and
placing science instruments for data gathering and force controlled manipulation. Tasks to be
demonstrated include grasping of small rocks and soil, coordinated viewing or imaging with
cameras and manipulation, pointing and placing an instrument and using the manipulator as a limb
for mobility assist, failure recovery and stabilizing the vehicle. The activities that will be carried
out to support these goals are:

Robot analysis and design: Analysis leading to design recommendations for rover mounted
reduced (<6) dof manipulators for optimal dexterity, stowage and workspace will be performed
on two-, three- and four-dof robot arms on current implementations of rover mounted
configurations. Development of a robot computer-aided analysis and design (RCAAD) tool
begun in FY98 will continue in FY99. A designer can use RCAAD to configure serial, revolute-
joint robot arms and then perform analyses for design optimization. Features implemented in
FY98 in RCAAD allow the user to:
•  create serial, revolute-joint manipulator models of up to 7 joints with either D-H parameter

or detail geometric, material and sensor descriptions,
•  install models of multiple tools at multiple locations on the robot model,
•  geometrically model rovers, constraints and obstacles,
•  display the models in 3-D for visualization,
•  vary the gravitational field to represent operation on any planetary body,
•  automatically generate the forward and inverse kinematics from the robot model,
•  move the robot model in world, tool  or joint spaces,



•  analyze of the stiffness of the arm including application of forces at any tool and
corresponding deflections at that or any other tool,

•  compute the joint torques corresponding to a force and torque applied at any tool and vice
versa,

•  plan trajectories through multiple waypoints using linear interpolation, trapezoidal or cubic
splines with respect to any selected tool and visualize in 3-D animation and 2-D joint or task
space versus time plots,

•  analyze the accuracy and repeatability with respect to any selected tool,
•  analyze robot manipulability with respect to any tool mounted on the arm.
RCAAD will continue to be developed as a general-purpose design and analysis tool for vehicle
and lander mounted manipulators. This sub-task will study the performance limitations of
reduced dof planetary arms, its impact on task scenarios, and possible ways for compensation
including coordinated vehicle-arm and force control. Enhancements to be added to RCAAD in
FY99 include:
•  automatic determination of the robot arm workspace,
•  inclusion of backlash and compliance models in the stiffness, and accuracy & repeatability

analyses,
•  model rover/lander mass distribution and its effects on combined arm and rover/lander

stability,
•  convert force/torque constraints at the rover/lander base into limits in tip exertion forces,
•  improve graphics display for faster update rates.
PDM will also work with the Mars `98 mission team for operations analyses. Use of RCAAD
by the Mars `01, `03 and `05 mission teams to assist in the design of manipulators for their
respective platforms will be explored. PDM will deliver RCAAD to E/TR, LRSR, and interested
flight teams at the end of FY99.

Technology Readiness Level for This Subtask:

    1996        1997        1998        1999        2000        2001
 ----------- ----------- ----------- ----------- ----------- ---------
TRL:   3                   4        5                6                           7
                                [-----task span-----]

                           [-follow-on task-]

Ultrasonic Motors (USM): The three areas of focus in this sub-task are: analytical modeling,
motor hardware (piezoceramics, stator, rotor and interface) development and drive electronics
development. Results from FY97 and FY98 tests indicate that segmented and reverse
piezoelectrically driven (SRPD) USMs developed under the PDM task are far superior to
commercial USMs in cyrovac conditions indicating potential for practical application in Mars
and other planetary exploration environmental conditions. Achievements in FY98 include the
following:



•  Completed 3-D finite-element modeling of USM stator structures (including the teeth) with
the piezoelectric ceramic driver.

•  Developed a finite-element equivalent circuit model that interfaces between the mechanical
finite element model and the electronic driving circuit. The model computes the electric
impedance value for USM stators and the results were corroborated experimentally.

•  Completed modifications to the SATEC Cryovac chamber to enable performance of
temperature cycling tests representative of Mars climatic conditions.

•  Fabricated SRPD USM prototypes using JPL/QMI selected materials and completed a
breadboard miniature electronic driver.  Also, fabricated and demonstrated an aluminum stator
leading to 50% mass reduction.

•  Successfully demonstrated the operation of our SRPD USM and its superiority over the
commercial USMs.  The prototype showed more than 5 times longer operation in cryovac
withstanding over 336 hours at temperatures down to Ð150oC and a pressure of 16mTorr.
Also operated with no degradation for over 230 thermal cycles between 0oC and -90oC at 16
mTorr.

•  Addressed and solved the 'cold start' problem at a temperature of -158oC, i.e. 80oC lower then
commercial USMs.

•  Transferred technology for commercial use (a contract with Teleflex for investigation of the
use of USMs on automotive vehicles was signed).

For FY99, we are propose the following activities:
•  Finite Element Modeling - Complete the modeling of the rotor/stator interface and the normal

force on the stator as well as the development of a computer design tool.
•  SRPD USM fabrication - Optimize the materials using the model and account for the

stator/rotor interface.  Identify and make proper modifications to address the issues of torque
variability in commercial USMs.  

•  Electronic driver miniaturization - Design miniature drive electronics that can be integrated
with the motor into a small package.

•  Transition to flight - Work with flight missions to transition to a flight program. Discussions
initiated with engineers on the Champolion/DS-4 mission in FY98 will continue in FY99.

The metrics for the USM activity is percentage of improvement over the baseline (Shinsei
ultrasonic motors), comparable DC motors and prior FY's results.

Technology Readiness Level for This Subtask:

    1995        1996        1997        1998        1999        2000        2001
 ----------- ----------- ----------- ----------- ----------- ----------- -----------
TRL:   2                     3                                      4                              5
[-----------------------task span-----------------------]

                                           [--follow-on task--]



Sample acquisition and instrument placement: Demonstrations of coordinated autonomous task
space sample localization, tracking and acquisition and for science instrument pointing and
placement already developed in PDM will be extended in FY99. The first of two sub-tasks
defined for demonstration is to use stereo cameras to robustly designate, localize and track a
small rock to be acquired from one to two meters away and to perform an autonomous operation
to pick up the rock in a single command cycle. The second sub-task is to demonstrate pointing
and placement of a science instrument with coordinated control of vehicle and arm position based
on visual target acquisition and tracking on a designated target from 5 to 10 meters away.
Accomplishments in FY98 include:
•  real-time video image capture, image manipulation and graphics overlay on video images,
•  generalized image and data communication between host and rover vehicle,
•  image display and target identification on a host workstation,
•  3-D coordinate determination from image plane target designation,
•  designated target tracking during rover motion,
•  direct vehicle, mast arm and sampling arm task-space kinematic control,
•  autonomous acquisition of a sample small rock designated by an operator from one meter

away,
•  autonomous placement of a science instrument at a target location designated by an operator

from five meters away.
Extensions to this capability to be addressed in FY99 include
•  handling loss of view of the target, as would occur when the rover evades an obstacle or due

to stowage of the mast arm and its cameras during locomotion,
•  improving robustness of localization and target tracking elements in the autonomous

algorithms,
•  designating three to five target sample rocks and autonomously acquiring them in succession

in a single command cycle,
•  designating three to five target locations and placing a science instrument at them in

succession in a single command cycle.
Initial prototypes of these generalized algorithms will be demonstrated on the Rocky 7 platform.

Technology Readiness Level for This Subtask:

    1996        1997        1998        1999        2000        2001
 ----------- ----------- ----------- ----------- ----------- -----------
TRL:   3                   4                 5                                     6
                                [-----task span-----]

                           [-LRSR & E/TR-]

Advanced manipulator design and coordinated control strategies: We will study the use of
rover-mounted dual-manipulator arms for coordinated viewing and manipulation, stability assist
(changing the vehicle center of mass and applying forces against the environment) and failure



recovery. A platform to demonstrate these capabilities will be constructed in FY 99. The
components of this platform will be Micro-instrument Arm, Micro-mast Arm, a mock-up of the
Rocky 8/FIDO platform, associated computing and control, and advanced control software.
Components of the system developed in FY98 are:
•  a 4 dof Micro-mast Arm weighing 2.6kg, fabricated of composite graphite-epoxy and

aluminum materials and capable of extending the FIDO mast instrumentation and cameras to a
height of 1.8 meters.

•  a 4 dof Micro-instrument Arm weighing 2.5kg. also fabricated of composite graphite-epoxy
and aluminum materials with mounting interfaces for multiple instruments and an end
effector.

In FY99:
•  an end effector for sample acquisition and instrument mock-ups will be developed for the

Micro-instrument Arm.
•  a mock-up of the FIDO rover vehicle will be built and Micro-instrument Arm and Micro-

mast Arm will be mounted on it.
•  arm control electronics and sensors will be developed and installed.
•  control algorithms will be developed to demonstrate autonomous sample acquisition, transfer

and cache and use of the manipulators for rover stability and mobility.
The baseline against which this design will be compared is the mast and sample arm manipulators
on the Rocky 7 platform. The manipulation system is specified to weigh less than 15% of the
vehicle mass and volume. Micro-instrument Arm will manipulate and transfer samples of up to
0.5 kg. in FY 99.

Technology Readiness Level for This Subtask:

   1995        1996        1997        1998        1999        2000        2001
 ----------- ----------- ----------- ----------- ----------- ----------- -----------
TRL:                    3                   4                        5                            6
[----------------------task span------------------------]

                                           [-LRSR & E/TR-]

Major Milestones Ð FY99

FY99 Q2 Prototype mechanical, electronic and computing hardware components of Micro-
instrument Arm and Micro-mast Arm mounted on a mock-up of the FIDO/Rocky 8
vehicle.

FY99 Q3 Demonstrate task control of Micro-mast Arm & Micro-instrument Arm



FY99 Q4 Fabricate a compact integral 1-in-lb USM weighing less than 90 grams with associated
encoder and drive electronics. Develop an interactive computer-aided design tool to
allow rapid development of USMs

FY99 Q4 Demonstrate autonomous sample acquisition from 1 meter away and instrument
placement from 5 meters away at three to five waypoints.

FY99 Q4 Level 1: Demonstrate coordinated operation of flight-targeted (<2.5kg.) Micro-
instrument Arm and (<2.6kg.) Micro-mast Arm. Tasks to be demonstrated with the
arms are:
1) autonomously acquire samples and place instruments with the end

effector under visual guidance from the mast arm and navigation cameras,
2) stabilize unbalanced forces up to 15 Newtons on the vehicle (as might

result from a drilling tool).

Other Agencies Sponsored Activities

None
Resources

Current Grants or Contracts

The USM development continues to work with Quality Materials Inspection, Inc. (QMI) of
Costa Mesa, CA to create and characterize rotary ultrasonic motors as potential candidates for
low mass, volume and power actuators for planetary manipulators. A $25K contract was
awarded to QMI in FY98 and a contract of $35K is planned for FY99 for the fabrication of
hardware components of the ultrasonic actuators.

Collaborative/Other Supporting Work

FY95 FY96 FY97 FY98 FY99

NASA Funding Profile ($K): 1120 950 815 1100 1000

Full Time Equivalents (WY): 4.0 3.5 3.8 5.5 5.0



Since its inception, this task has collaborated with a number of scientists and Mars Surveyor
mission design teams. These include Prof. David A. Paige, the PI for the Mars'98/MVACS
science payload, R. Singer (UAZ), D. Blaney (JPL) and S. Kim (JPL) on arm-based science
imaging and spectroscopic instrumentation.

In FY 95 and FY 96, USM development in this task collaborated with Prof. N. Hagwood. The
USM development continues to work with Quality Materials Inspection, Inc. (QMI) of Costa
Mesa, CA to create and characterize rotary ultrasonic motors as potential candidates for low
mass, volume and power actuators for planetary manipulators. PDM has also collaborated with
MIT/J. K. Salisbury on force-referenced perception and control of sampling device interactions
with hard media.

In FY98, the PDM task worked with the E/TR team for delivery of a Micro-mast Arm and a
MicroInstrumentArm and with the LRSR team for implementation of autonomous sample
acquisition and instrument placement algorithms in Rocky 7.

Members of the Planetary Dexterous Manipulator task have participated in the Mars'01 facility
Rover Design Team for sampling science instruments and architecture definition, the MVACS
arm design and operations team for the Mars `98 mission and in the Mars `01 manipulator
design.

Flight Validation Plans

None are planned in the current schedule. However, RCAAD is likely to be used during MVACS
Mars `98 mission operations in FY99. RCAAD also has the potential for use in the design of
robot arms for the Mars `01, `03 and `05 missions. The autonomous robot-vehicle control
technology for sample acquisition and instrument placement developed in this task has the
potential for application on the Mars '03 and  '05 missions. We are working with the
Champollion/DS-4 mission to assist in defining their actuator requirements and potentially apply
USM technology.

Significant Accomplishments

The PDM task successfully demonstrated a collapsible lander arm concept in the development of
MarsArmI in FY95 built with hybrid composite/metal materials. MarsArmII was developed in
FY96 to be 40% lighter, and with increased dexterity with a pitchable wrist and powered end
effector and built completely with composite materials. The "Goal Oriented Behavior Synthesis"
intelligent control architecture was implemented to demonstrate adaptive impedance control for
trenching operation in FY96.



The focus of the task shifted to rover-based manipulation with the development of MicroArmI in
FY97. The significant development planned for the year was the development and demonstration
of 4 dof MicroArmI fabricated of all composite materials and using commercial USM actuators.

In FY98, an autonomous sample acquisition algorithm was developed and demonstrated on the
Rocky 7 platform to pick up a small rock designated by an operator from 1 meter away in a
single command cycle. An algorithm was also developed to autonomously place a science
instrument at an operator designated target location from 5 meters away in a single command
cycle. A 4 dof Micro-mast Arm and a 4 dof Micro-instrument Arm were delivered for installation
on the FIDO rover vehicle in FY98.



4. Robotic Drilling and Containerization Task

Task Manager:
Benjamin P. Dolgin@jpl.nasa.gov
Phone: (818) 354-5017
FAX: (818) 393-4057

Resources.

FY97 FY98 FY99 FY00 FY01

NASA Funding Profile ($K): 1000 1400 1000 1000 1000

Full Time Equivalents (WY): 3.5 4.1 3.5 3.4 3

Civil Servants 0 1 1 0 0

Product Description.

The objectives of this task are to develop the enabling technologies necessary to accomplish
robotically controlled subsurface sampling for planetary and small body missions..

This Robotic Drilling Task consists of two primary objectives:

1) Develop a miniaturized rock coring, inspection and cache system and deliver it for integrated
testing with a planetary Rover (in the 45kg size class).

2) Develop an automated deep drilling and sampling system using a segmented drill stem.
3) Develop a sample return containerization system that provides automated hermetic sealing

under realistic conditions of Mars Environment.

The efforts for Objective One above shall be performed for the purposes of developing rock
sampling technologies required for the Mars Exploration 2003 and 2005 missions.  The effort is
fully coordinated with the Mobile Scientific Lab (MSL) team to avoid duplication of efforts and
investigation of MSL specific problems. There is a wide consensus in the scientific community
that autonomous rock coring will be a key technology need for both 2003 and 2005 Mars



missions and beyond. This Task will develop a miniature remote rock sampling and curation
system that achieves goals that were described in the original Mars 2001 Proposal Information
Package. The task will develop an autonomous control system required for the integration of a
drilling mechanism with the compliant platform such as FIDO rover, that is a breadboard of the
proposed Mars rovers. The development will be performed in the time frame needed to infuse
the new technology into the Mars Program.
Drilling and sampling to depths greater than that available from a Rover-mounted short stroke
coring drill or Lander-based manipulator arm is highly desirable to planetary scientists.
Objectives of a post-DS4 small body missions are to gather samples at multiple sites (meaning
either deploying multiple landers or one lander capable of moving from site to site) and to gather
samples at depths of up to 10 and even 100 meters. Two possible modes are: drilling and blowing
up the comet and collecting debris

The search for life on Mars and understanding of Martian geology requires reliable information on
the Martian regolith and search for water/ice on Mars.  Both of these themes are central for
biologists and geologists.  Both involve investigations and sampling well below one-meter depth.
The Compact Drill Mechanism developed under the Exploration of Small Bodies Task has the
potential to meet this need because its design will allow the use of a segmented drilling stem.
Because the launch envelope is usually limited to a length smaller than the depth desired for
sampling, future missions will require the sampling drill to be stowed to the compact dimensions.

Deep drilling on Mars and comets requires technologies that have not been developed by Earth
drilling enterprises.  Deep drilling, as performed on Earth, requires either mud or compressed air
for the debris removal and some well casing to preserve the well integrity.  Typically, casing
technology is also water based.  At this point, dry drilling has not broken the 20- to 40-drill-
diameter barrier.  In other words, if one has a one-inch drill bit it is very hard to drill deeper than
30-50 inches without the use of compressed air or drilling mud.  The goal of objective two of the
RDC task is to develop an approach for breaking this barrier.

For Objective Three, the Robotic Drilling and Containerization Task will investigate some of the
most promising sample return designs and container mechanisms, using Champollion and Mars
Exploration mission requirements.  Each requires the acquisition of subsurface samples by
drilling, each requires sealed containers, and each involves one (or multiple) transports of the
samples across separation/docking interfaces.  Champollion's sample volume expectations range
from 15 cc of a high strength substrate to 100 cc of a low strength substrate.  Champollion
requires a hermetically sealed and temperature controlled container.  The Õ03 -Ô05 Mars Sample
Return mission (MSR) sampling requirements are to hermetically seal a container that is limited
to two kilograms of sample plus container.  For the Mars mission, temperature control is
currently not required.  However, requirements on contamination with materials of biological
origin may be imposed on Mars container to make it possible to answer the question if life ever
existed on Mars.  For planetary protection purposes there is a requirement for "double sealing"
the returned sample to assure that no Mars material is exposed to an uncontrolled Earth
environment.  While these planetary protection requirements are not currently levied on comet



sample return missions, there is a probability that they could be in the future.  Therefore, a
solution to the problem of acceptably sealing a sample container, and assuring that the sample
return container meets planetary protection requirements, will be relevant to both Mars and
cometary sample return missions.

Benefits of this product.

Scientists working on Mars'03 and '05, designers of DS-4 and Champolion, as well as the FIDO
team are the main beneficiaries of the short term success of current proposal.  Requirements of
the post DS-4 comet landers and Mars Sample Return / Human Exploration programs will guide
the long term objectives of this program. It is designed to move several high priority technologies
from a research to an engineering lever (TRL-5).  These technologies were assigned priority one
by Level 2. For example, Technology Requirements Structured By Theme lists sample
acquisition, the topic of this proposal, in Part III, Space Science Requirements, Space Science
Exploration, Chapter 1.6 "Landers, Penetrators, and Sample Return."

The success of the proposal will give the Mars Ô03 team a capability to experiment with FIDO
platform as if it were the breadboard of the Mars'03 rover and has capabilities that are close to
the actual Mars-based instrument.  Tight integration of the work under the RDC task with MSL
team guaranties that the developed technology is of prime interest for the flight program.

Technical Approach.

This task will build on the hardware deliverables from an existing grant won by Honeybee
Robotics with the NASA Small Business Innovation Research (SBIR) Program.  Honeybee is
currently engaged in developing a miniature rock coring mechanism under this SBIR grant, which
is a two-year program, originally, to be completed by the second quarter of FY99.  MSL team is
renegotiating this milestone at this point. For the Robotic Drilling (RD) Task, Honeybee will be
responsible for delivering the rock sample acquisition portion of the system (the MiniCorer),
while JPL will develop a multiple axis pitch and yaw mechanism to enable the physical
integration to the Rover chassis.  This mechanism will provide the required degrees of freedom to
allow remote sensing of the rock core (for strategic selection of the most scientifically significant
samples) and robotic manipulation to allow the selected samples to be cached.  In addition to the
design and fabrication of this multiple axis carriage and cache box mechanism, JPL will also
integrate this combined mechanism to a Rover mobility test bed with an on-board multispectral
imaging instrument (Raman IR point spectrometer).  This mobile science platform has been
developed under the JPL Telerobotics Program's Long Range Science Rover Task (Samad Hayati,
manager), and the end-to-end system testing will be performed under the JPL Exploration
Technology Program's Rover Integration and Test Task (Paul Schenker, manager).  The integrated
Rover and sampling system testbed will enable JPL to investigate the strategies needed allow
autonomous operation of rock sampling from a compliant base such as a small Rover.  Required
investigations include mobility to a rock to be sampled, identification of rock surfaces to core drill
within the allowable operating volume, assessment of surfaces that are an acceptable risk to drill,



determination of allowable applied forces and torques between the rock, the Rover and the soil,
and fault tolerance strategies to prevent or recover from drill jamming.     

Leveraging the technology development performed under the Exploration of Small Bodies task,
JPL will develop the closed-loop electronic controller for the combined Honeybee MiniCorer drill
and JPL inspection/cache stage.  The Rock Coring, Inspection and Cache System must
successfully operate against a wide range of substrate properties and at cryogenic temperatures.
Closed loop control will allow this "adaptive" drill to choose the correct drilling parameters for
the entire range of substrate properties and to limit the forces that must be resisted by the weight
and wheel friction of a planetary Rover.  In addition, the active control will prevent the drill from
exciting resonance modes and, thus, damaging the rover.  Tight control of the drilling process will
enable the attainment of useful scientific information by recording the data received from the
embedded control sensors and correlating the rock properties with the drilling process
characteristics.  

Deep drill development is a joint project between the JPL and the Swales Aerospace.  Swales
Aerospace brings real life experience designing hand-held wrenches and drills that has been used
by the Shuttle astronauts. In FY98 we have initiated a contract aimed at expanding the
capabilities of the Compact Drill Mechanism, developed under the Exploration of Small Bodies
Task, to robotically drill to multiple meter depths.  The drill stem passes right through the
Compact Drill Mechanism, driven and percussed anywhere along its length.  It is possible to
robotically attach drill stem segments to allow deeper drilling.  The capabilities are currently
unknown, as the increasing mass of additional drill segments will eventually overcome the
effectiveness of the percussion mechanism.  For FY99, a brassboard system for deep drilling with
a segmented stem will be fabricated to develop methods of obtaining subsurface samples without
the requirement for retracting the drill stem.  The performance target is to acquire 1cc of soil from
the bottom of the drill hole without extracting the drill stem from the hole.  The FY00
performance target is to demonstrate a complete robotic system that drills at least three times
deeper than the length of the "stowed" drill assembly and can acquire 1 cc of soil sample from the
bottom of the hole, suitable for use with a mass spectrometer.

The Rock Sampling System will be tested at the component assembly level against relevant
terrestrial analogs of Martian rocks.  The specific performance target for the RDC Task during
FY98 shall be to extract solid rock cores of 7 mm diameter by 40 mm from Bishop Tuff and place
them in a cache using only one command cycle.  The time required for acquisition of each core is
expected to require less that 30 minutes.  A minimum of three rock cores shall be obtained and
cached.  In FY99 the Rock Coring, Inspection and Cache System will be integrated as a complete
package to meet the 3.5 kg mass and 62 cc volume constraints specified in the Mars Proposal
Information Package for the '01 Rover sampling payload.  The long-term performance target for
this system is to acquire at least three solid core samples from surface-anchored volcanic rock
using a Rocky series mobility vehicle.  The acquired cores shall be inspected with a IR
spectrometer and then cached.  The final products of this Task are delivered to the Rover
Integration and Test Task for this full end-to-end testing.  FY98 efforts will result in the delivery



of a brassboard rock coring system to enable, for the first time, testing of a Rover that performs
rock drilling.  During FY99 this Task will deliver an integrated rock sampling payload for end-to-
end demonstration.  Thus, a complete demonstration will be performed to showcase a Mars rock
sample acquisition, selection and cache system intended for operation from a mobile Rover
science platform.



Figure 1. Helium leak tight container sealed by explosive welding has been demonstrated by the RDC task
in FY'98.

A promising method for robotic container sealing is to use a small- ribbon pyrotechnic to perform
explosive seam welding for a true hermetic seal.  Joining thin materials by explosive cladding has
been demonstrated in the past (see Fig. 1). A linear ribbon of RDX explosive, sealed in a lead
sheath, accelerates a "flyer plate" (the container lid) across a small gap. The result is a high
velocity collision between the flyer plate and the base (the container body).  Surface oxide films
are effaced and interatomic linkups result in a true metal-to-metal bond.  (Ref. "Practical Small-
Scale Explosive Seam Welding," Laurence J. Bement, Proceedings, 17th Aerospace Mechanisms
Symposium, May 5 & 6, 1983; NASA CP-2273).

Methods to keep the surfaces dust-free before welding must be implemented, such as the use of
removable shields or covers.  Pyrotechnic shock and sample container temperature rise will have
be characterized, and shock attenuation interface bracketry may have to be incorporated.  The
sealing leak rates under positive and negative pressurization, weld structural integrity and the
effects of entry/descent/landing dynamics will be measured.  This work will be performed in
collaboration with the Planetary Protection and Exobiology Task (Ramachandra Manvi,
Manager) under JPL's Exploration Technology Program.

According to the baseline design, sample return cache would be docked reliably into the canister
for the return to Earth.  The approach for backcontamination protection will be met by having
the canister mounted inside of a conventionally sealed enclosure, with only the end diameter
exposed.  The end closure of the canister would be unlatched to close and then be actively sealed.  
This end closure would have a contamination cover mounted over it (a bioshield), conventionally
sealed over 100% of the outside surface area.  Prior to the transfer of the canister to the return
vehicle, the contamination cover would be released and ejected while in orbit.  Unlatching the
canister from the enclosure and using a manipulator arm to transfer it into a docking berth in the
Earth return vehicle would complete the sample return mechanization.  



A double wall container approach for the return canister has been proposed by the RDC task in
FY'97 (see Fig. 2).  This approach was a subject for the FY'98 study. The sample cache is placed
into a double wall container (2a).  The explosion-welded lid (2b) of the container is also double
walled.  The outer walls of the container are acting as a bioshield. The space between the walls of
the container is never exposed to Martian environment. The inner and outer container are
separated (2c) Once the container is taken outside Martian atmosphere, the outer wall of the
container is cast off (2d and 2e).  The outer walls of the remaining inner container, except for the
area around the original lid seam, have not been exposed to Martian environment. The use of
shape charge for the separation of the inner and outer walls of the container will be demonstrated
in FY'99.  The container shall achieve a hermetic seal as demonstrated with a helium leak test, and
shall be internally and externally pressure tested to demonstrate seal strength against 0.1MPa.
The stability of this seal under the stress of the container separation will be demonstrated in
FY'99.  In addition, an automated sample return container mechanization that meets the Mars '05
back contamination requirements shall be demonstrated in FY'99. It is expected that the Planetary
Protection task will be able to demonstrate that shape charge cutting of the container can
sterilized the cut-off seam within the definition of the International Planetary Protection Treaties.

Comet sample return missions face a particular challenge in that the sample container must be
maintained at cryogenic temperatures throughout the return to Earth.  Space facing radiators with
good thermal conduction to the docked sample canister will keep it cool for the cruise back to
Earth, but a thermal storage system must be incorporated in the design to maintain the canister as
low as 110°K during Earth reentry and recovery.  Champollion has work on-going in the use of
phase change materials that are expected to meet these thermal storage requirements.  The

a) b) c)

d) e)

Figure 1. Sample transfer sequence assumed for the RDC task (see description in the text).



containerization subtask efforts will insure that compatible interfaces exist in the design and
incorporate available thermal control hardware in the FY99 demonstrations.

Major Milestones.

Deliverables will consist of report documentation and lab demonstration (videotaped) of the
milestones below.  Technology developed and associated Level 1 (indicated) and Level 2 (all
others) milestones are as follows:

á Honeybee delivers completed SBIR MiniCorer Mechanism to JPL. FY99, Q1
á Integrate Honeybee MiniCorer Mechanism with JPL manipulation carriage,

cache box and autonomous control system. FY99, Q3
á Deliver a test sample return container to Dexterous Manipulator Task FY99, Q3
á Demonstrate final Rock Coring, Inspection & Cache System (Level 1 Milestone). FY99, Q4
á Demonstrate Sample Return Container System meeting planetary

backcontamination requirements (Level 1 Milestone). FY99, Q4
á Deliver final Rock Coring, Inspection & Cache System to ET Rover. FY00, Q1
á Demonstrate robotic deep drilling and sampling system using a segmented

drill stem (Level 1 Milestone). FY00, Q4
á Demonstrate advanced drilling and containerization concepts

on a FIDO class Rover (Level 1 Milestone). FY01, Q4

 Technology Readiness Level (TRL).

Component Technology FY98 FY99 FY00 FY01
Rover-Mounted Rock Coring TRL4 TRL5 - -
Robotic Hermetic Sealing TRL3 TRL4 TRL5 -
Drilling System & Controller - - - -
Deep Drilling/Sampling/ Segmented Stem TRL2 TRL3 TRL4
Advanced Drilling Concepts TRL2 TRL3

Status. Previous Significant Accomplishments.

á FY96 - Developed a unique Compact Drill Mechanism with sampling drill head.
á FY96 - Completed gear motor and dyno tested (inert atmosphere) at 120°K.  Utilized new

technology bearings for low temperature operation.
á FY96 - Developed autonomous Drill Controller.
á FY97 - Reworked Drill Mechanisms to decrease mass 20%.
á FY97 - Implemented drilling data archiving and performed testing to derive science

properties of substrate drilled.



á FY98 - Generic Sample Transfer Sequence for the MSR mission has been developed.
á FY98 - A prototype of an explosion welded hermetic container has been demonstrated
á FY98 - A new seam geometry for the explosion welding has been developed.
á FY98 - The MiniCorer has produced the first cores under the control of the JPL developed

software and Honeybee Inc. software.

 Intended Users.

Rock/soil sampling tasks are a part of Mars exploration, Moon exploration, and Comet sample
return programs.  Robotic sample acquisition is a promising technology for nuclear and hazardous
waste industries, as well as hazardous environment monitoring tasks.

Reliable container sealing technology is an enabling technology for all Mars sample return
missions.  The same technology may become a necessity if the international community decides
that comet samples should be covered by the original International Planetary Protection Treaties.

Deep drilling (multi-meter) capability is required by all Mars exploration programs.  Search for
water on Mars, a central theme in Mars exploration program, requires drilling to a significant
depth. Comet missions may also require deep drilling since the thermal waves propagate into
comets to the depth of several meters. The structure of a comet is expected to vary significantly
over this distance.   Comparison of the comet structure in the deep interior and the surface layer
is one of the objectives of comet study program.

 Is this a Push or a Pull product/task?

This is a Pull task.

Human Exploration and Development of Space (HEADS) specifically lists drilling and
containerization in their STRATEGIC TECHNOLOGY REQUIREMENTS, Overview of
Exploration Technology Requirements, Sensors and Instruments under two topics: Science and
Engineering Field Labs and Planetary Prospecting.

Level 2 lists geological sample acquisition under Instrument Components & Devices. Level 2
Technology Requirements  Structured By Theme lists sample acquisition in Part III, Space
Science Requirements, Space Science Exploration, Chapter 1.6 "Landers, Penetrators, and Sample
Return."

 Team.

The development of automated hermetic sealing will be performed in collaboration with NASA
Langley Research Center, which had performed the original key development of the small scale



explosion welding process.  A Statement of Work has been produced by JPL and accepted by
Langley, and a request to NASA Headquarters is being initiated to reduce JPL's FY98 guidelines
by $100K with an increase to Langley's guidelines of the same amount.

The development of a Rover-mounted rock coring, inspection and cache system is a collaborative
effort with Honeybee Robotics, working under a NASA Small Business Innovative Research
(SBIR) grant.  The rock core drilling systems has been delivered to the ET Program's Rover
Integration and Test Task for end-to-end system testing in FY'98.  Additional testing of the
Minicorer / FIDO interaction will be performed in FYÕ99.  A second Minicorer will be delivered
to JPL by the Honeybee Robotics. Inc.

A contract with the Swales Aerospace for the development of the deep drill has been initiated in
FYÕ98.  The delivery of the segmented drill is expected in FYÕ99.

A contract with the Technical Aliance Group, Inc for the study of the mechanical properties of
the explosion welded seam has been initiated in FYÕ98.

 User Agreements.

The efforts of this Robotic Drilling and Containerization Task are strategically focused to fold
into the technology development of other tasks under JPL's Exploration Technology (ET)
Program. The Robotic Drilling and Containerization Task will be collaborating with the Planetary
Dexterous Manipulator Task at JPL in the areas of end effector design for transfer of the cache
box to the sample return container, and in the performance of combined demonstrations.  The
RDC Task will also be collaborating with the ET Program's Planetary Protection and Exobiology
Task in the areas of measuring the efficacy of the planetary back contamination protection
design.  The RDC task is aligned with the MEMS Motors task as a recipient of prototype
motors for integration in the drill mechanism.  In addition, staff members of the RDC task are
participants in the Mars 2003 Rover Design Team.

Flight Validation Plans.

None planned in the current development schedule.  The Rock Coring, Inspection and Cache
System is intended to meet the requirements for the proposed FY2001 Mars Exploration
Mission, and may be selected for further development by the flight team.



5. Nanorover Technology (UPN 839, 900K)

Task Manager: Brian.Wilcox@jpl.nasa.gov
(818) 354-4625

Technical Objectives, Rationale, and Mission Applicability

Recent advances in microtechnology and mobile robotics have made it feasible to create extremely
small automated or remote-controlled vehicles which open new application frontiers.  One of
these possible applications is the use of nanorovers (robotic vehicles with a mass of order 100s
of grams or less) in planetary exploration.  Such vehicles could be used, for example, to survey
areas around a lander, or even to conduct long-range missions of exploration doing surface
chemical analysis or looking for a particular substance such as water ice or microfossils.  The
objective of this task is twofold: to create a useful nanorover system using current-generation
technology including mobility, computation, power, and communication in a sub-kilogram
package, and also to advance selected technologies which offer breakthroughs in size reduction,
mobility, or science return.  In particular, the FY Õ99 milestone is to reduce the scale of the
nanorover a further factor of two over the FY Õ97 prototype.

NASA Code-S planetary missions have been under increasing pressure to reduce their launch
mass requirements so that less expensive launch vehicles can be used.  To achieve those aspects
of scientific exploration requiring mobility, any rover component of the science payload must
compete effectively in terms of mass against other payload options.  Nanorover technology
would allow some mobility-based science surveys, such as mineralogic classification or the search
for water ice or other volatiles, microfossils, or other entities at or very near the surface with a
small, perhaps negligible fraction of the science payload for Mars Surveyor class missions.  This
latter point makes it conceivable that nanorovers could fly as a secondary payload on most
landers using whatever mass margin is left over at launch time.  Alternatively, they could be the
prime payload of microlanders for Mars, small bodies, or the moons of the gas giant planets.  
The vehicle developed thus-far in the Nanorover Technology task is now baselined for NASA
participation in the Japanese MUSES-C mission which will return a sample from the asteroid
Nereus, launching in early 2002.  The chairman of the NASA Small Body Science Working Group
(as well as of the MUSES-C Science Working Group) Joe Veverka has stated that "the value of
[NASA/ISAS] cooperation would be increased dramatically by the inclusion of a NASA-
provided, scientifically instrumented microrover".  He further states that the science goals of the
rover will be to make "texture, composition and morphology measurements of the surface layer at
scales smaller than 1 cm, investigations of lateral heterogeneity as such small scales, investigation
of vertical regolith structure by taking advantage of disturbances of the surface layer by
microrover operations, and to measure constraints on the mechanical and thermal properties of
the surface layer."  The nanorover was also demonstrated for the Committee on Planetary



Exploration (COMPLEX) of the National Academy of Sciences, who expressed considerable
interest and excitement at the possibility of these relatively low-cost, high-science return
missions.

Technical Approach

This task has first established a credible science instrument suite which can be integrated within
the mass and power budgets of a nanorover, and then proceeded to design the other elements of
the rover into a highly integrated "sciencecraft" system.  Alternative instruments of many sorts
were considered; a multi-band visual imager with near-IR point spectrometer has been selected.
This combination is the lowest mass, highest science return instrument complement which can be
integrated at acceptable cost, which works in Earth test environments, and which involves no
radioisotopes or ionizing radiation.   Using the Active Pixel Sensor 256x256 imaging array
developed in the JPL MicroDevices Laboratory (MDL), the camera with filter wheel will give
images in a number of spectral bands in the visible out to about 1 micron with resolutions as high
as 10 microns per pixel.  By covering the wavelength range of 1-2.5 microns, the near-IR
spectrometer will give mineralogic data on a huge variety of possible minerals including important
clays and carbonates.  As part of the MUSES-C activity, an Alpha-Proton X-ray Spectrometer
(APXS), miniaturized from the one being flown on the Sojourner rover, is being actively
considered as a third instrument.  This science complement would give essentially complete and
unambiguous mineralogic and morphologic information about the target sites visited.

This task has developed a high-mobility vehicle configuration which can meet the mission and
science requirements.  This "posable strut" concept is for a self-righting and/or upside-down-
operable articulated vehicle chassis.  It includes the ability to recover from overturning as well as
body pose control for camera/instrument pointing, sampling, or other functions.  It accomplishes
this with a remarkably simple, top/bottom and right/left symmetric mechanism which has a small
number of moving parts and very low mass.  Operation in extremely low gravity (e.g. on the
surface of an asteroid) can be accomplished since no free pivots are used (which would have too
much friction to articulate freely in a microgravity environment).  No prior vehicles are known
which combine many or most of the desirable features achieved in this design:

¥ can operate upside down
¥ can intentionally flip over and recover from accidental overturning
¥ can place the body flat on the ground (e.g. for sensor placement)
¥ can lift wheels and set them on top of obstacles (instead of pushing the wheel against the

obstacle and requiring enough traction to lift the wheel against gravity)
¥ can articulate to keep all wheels providing optimum traction even in arbitrarily low

gravity fields
¥ can ÒhopÓ and reorient the body during ballistic hops in very small gravity fields



The optical elements needed to meet the science requirements set the overall scale of the vehicle
developed in the first two years of the Nanorover Technology task at about 15 cm.  This scale
sets the area of the top surface, which is used as the solar panel.  This collection area sets the
available power budget (Pathfinder plans 7mW per sq. cm.), which will be greater than 0.5 watts
for four to six hours per day for most Mars mission scenarios.  This power level is barely
adequate for direct communication to orbiters around Mars or small bodies, and thus this scale
vehicle is attractive for several mission scenarios.   Key elements of research for the next
generation nanorover (about half scale and one-eighth the mass of the first generation) include
reducing the volume required for the instruments, building actuators smaller than the smallest
commercially available gearmotors (and which can also withstand the thermal/vacuum
requirements of Mars and small body missions), creating behaviors which can effectively utilize
the posable strut chassis to achieve the full potential of its mobility and instrument-pointing
capability, developing and implementing advanced dust control techniques to keep the optical
surfaces effective in a dusty environment, and developing and implementing flight qualifiable
means for communicating which meet the mass and power requirements of the nanorover.

This task now incorporates the "Mobility for Small Bodies" proposed work, which will create a
chamber to be flown in the NASA KC-135 microgravity simulation aircraft.  This chamber will
allow a platform to be accelerated at approximately 20 microgees for 30 seconds.  The chamber
will be used to develop the techniques needed to precisely position the nanorover on small body
missions such as MUSES-CN, and also, in the final year of the program, to develop the
techniques needed to successfully "hop" long distances on small bodies.  This will include precise
control of the nanorover velocity vector and angular momentum at the start of the hop, body
pose control during the hop to allow camera pointing and landing configuration control, and
landing energy absorption.

Major Milestones - FY 98 to FY00

•  Posable strut incorporating flight microactuator designed FY98, Q2

•  Advanced electromagnetic and mechanical dust sensing and FY98, Q4
control to clear optical surfaces of dust (level 2 milestone)

•  Microgravity chamber for KC-135 designed FY99, Q3

•  Automated self-righting of Rev-0 Nanorover FY99, Q3

•  Long-range Nanorover operational miniaturized by factor of 2 in FY99, Q4
scale  (factor ~8 in mass) over FY'97 prototype (level 1 milestone)

•  Software for real-time body pose control developed FY00, Q2

•  Software for real-time impact time/place estimation FY00, Q3

•  Conduct KC-135 experiment showing 10 +/- 2 cm/sec hopping and FY00, Q4
pose control (accurate to 0.3 rad at landing) (level 2 milestone)



Other Agency Sponsored Activities

This task, which focuses primarily on the engineering issues for practical rovers, has been
coordinated with a NASA-funded behavior-control research task led by Professor Rodney
Brooks of MIT, which concentrates on advanced miniaturized but non-flight mobility systems
and software architectures for autonomous and cooperative behavior.  Both annual and ad-hoc
exchange visits have been conducted which coordinate infusion of MIT technology into this task.
Professor Brooks has changed his research focus and no longer plans to focus in this area.

Resources

FY98 FY99 FY00
NASA Funding Profile ($K): 900 900 750
Full-time Equivalents (WY): 4.5 4.5 3.5

Current Grants or Contracts

Optical elements of the IR spectrometer have been developed under contract with American
Holographic, of Fitchburg, MA.  Custom advanced brushless cryovac microactuators are being
fabricated by Aeroflex, Inc of Long Island, NY.

Collaborative/Other Supporting Work/Flight Validation Plans

A flight project activity was initiated in FY98 to configure and flight qualify the Nanorover for
the Japanese MUSES-C asteroid sample return mission as a NASA-supplied payload.  This
project is performing the detailed engineering, development, and testing need to carry the
Nanorover developed under this task in FY96 and FY97 to flight and to demonstrate it on the
surface of a near-Earth asteroid in 2003.

Tethered ~25-g Nanorover doing local
mission scenario with visual servoing

Tetherless Local~100-g Nanorover Operational
with imaging and near-IR spectrometer

Advanced  electromagnetic and mechanical
     dust sensing and control
Miniaturized Nanorover operational, reduced
     by factor of 2 in scale and ~8 in mass over '97 prototype
KC-135 Hopping experiments with <5% velocity errors,
     landing force control to 1 KPa at 10 cm/sec

$450K      $550K      $900K       $900K      $750K

FY      '96          '97            '98             '99        '00



FY98 Significant Accomplishments

•   February Ð Fabricated ÒwidgetÓ board incorporating microcontroller, analog, digital, and motor
control on small (3x8cm) circuit board; useful for <100 g rover.
•  May Ð Conducted successful electrostatic dust rejection experiments using flight-qualifiable
microminaturized high voltage converter
•  July Ð Negotiated with American Holographic to provide integrated IR spectrometer based on
new commercial instrument incorporating 256x1 Indium-Gallium-Arsenide detector.
•  August Ð Conducted capacitive sensing tests using flight-qualifiable circuitry demonstrating
ability to sense rocks/dust within few cm of nanorover wheels and to estimate approximate
mass/distance.

Technology Readiness Levels

Key technologies developed by this task include Ultra-miniature cryo-vac actuators, Dust
Sensing and Control, and Microgravity Mobility and Navigation.  This task will advance the state
of readiness of ultra-miniature cyro-vac actuators to TRL 5 by the end of 1998 so that they can
be used in the MUSES-CN asteroid rover mission and then to TRL level 6 by the end of 2000 as
part of the cooperative activity with MUSES-CN to validate and qualify the technology.  The
MUSES-CN mission itself will extend the TRL level to 7 as part of the asteroid surface
operations in 2003.  Similarly, Dust Sensing and Control technologies will be advanced from TRL
level 3 to 6 as part of this research task and the subsequent incorporation of the technology into
MUSES-CN.  Finally, microgravity mobility and navigation technology will be advanced from
TRL 3 to 4 in 1998 and then to 5 in 2000 and 6 in 2001 with a series of validation tests aboard
the NASA KC-135 microgravity simulation aircraft.

Technology Readiness
Technology
Deliverable

1996 1997 1998 1999 2000 2001 2002 2003

Ultra-miniature cryo-vac
actuators

4 5 6 7*

Dust Sensing and Control 3 4 5 6*
Microgravity
mobility/navigation

3 4 5 6 7*

* when demonstrated on asteroid surface as part of MUSES-CN mission



6. Subsurface Explorer (UPN 632, 300K)

Task Manager: Brian.Wilcox@jpl.nasa.gov
(818) 354-4625

Technical Objectives, Rationale, and Mission Applicability:

The objective of this task is to create a device which can maneuver in the expected regolith (e.g.
soil, permafrost) of planetary bodies such as Mars or comets, penetrating to depths of meters to
hundreds or thousands of meters depending on the soil properties, and making in-situ
measurements of the soil composition and chemistry.  One specific objective of this task is to
demonstrate that a self-contained vehicle can reach depths much greater than that achievable with
any reasonable-mass drill rig attached to a lander.

The subsurface composition and chemistry of deep subsurface material on Mars, comets, or
other solar system objects is of intense scientific interest.  The surface of Mars is known from
the Viking missions to have considerable soil-like surface covering; estimates are that the volume
of all ejecta from the observed craters would cover Mars to a depth of a few Km.   This mixture
of soil, rock and ices probably becomes impermeable at some depth (a Km or so) and therefore
would support pressure buildups below which water could liquefy under volcanic heating.
Liquid water and the chemical disequilibria associated with volcanic springs would be the natural
abode of any life forms which might have descended from the putative fossils discovered in the
SNC meteorite AHM84001.  Building a vehicle which could locate and investigate these sites on
Mars, within the mass and budget constraints of plausible near-term missions, would be one of
the greatest scientific enterprises in history.  Even if this goal proves elusive, cometary cores are
likely to consist of ices, silicates, etc. which this same vehicle could explore with relative ease,
due to the expected factor of two or more reduction in the compressive strength of the
anticipated worst-case cometary materials (compared to Mars) and the tendency of the cryogenic
comet material to fracture more easily.  Although current Level-3 requirements include Subsurface
Explorers for modest mission concepts, missions to search for extant life kilometers deep on
Mars or to explore the deep interiors of comets are both scientific endeavors which have not
heretofore been seriously considered by the science community because it is thought to be
beyond the realm of immediate possiblity.  The demonstration of technology which enables these
missions would be "technology push" in the most intense use of the phrase and lead to missions
which could revolutionize our knowledge of the evolution of life and of the formation of the Solar
System.

Technical Approach



An all-percussive mobility approach has been adopted for the Subsurface Explorer (SSX).  This
approach is potentially very simple, compact, reliable, and low power.  A simple set of
experiments with an all-percussive industrial demolition hammer has provided extremely
promising results which encourage further development of this approach.   Evaluation of the
device indicate that it functions by an electric motor spinning a flywheel which runs a crankshaft
to a hammer which impacts the demolition spike.  No spring or ratchet release mechanisms are
used.  The flywheel/hammer effective mass is about 1 kg with a velocity of 5 m/s, causing the
hammer to impact the ~700 gram spike at 30 blows per second.   In tests, this device was able to
easily penetrate soil (at 10's of cm/sec) and to pulverize rock, splitting a 1/2 meter diameter basalt
rock in half in less than 1 minute.  Smaller rocks, such as 10 cm granite blocks, cleave in one to

two seconds.  The energy of each blow 
1

2
2mV

is about 12 joules and the momentum 
mV

is

about 5 nt-s.  We therefore seek in our design to deliver comparable or greater blows, both in
energy and momentum, to the front of the SSX.  Instead of delivering these blows at 30 Hz using
1200 watts, power limitations will force us to deliver them at about 1 Hz, using about 20-30
watts supplied to the SSX over a long (e.g. 1 Km) and yet low mass (e.g. 1 Kg) tether.  These
power levels are consistent with what might be available from a modest surface lander of the size
used for the Mars Surveyor missions.

In addition to the percussive mobility approach, there is another way that subsurface penetration
rates may be dramatically increased.  If, as expected, there are volatile materials such as water ice
mixed in with the terrain, then it should be possible to melt and electrolytically separate some of
the atomic constituents of these volatiles into gasses.  In the likely case of water ice, this would
result in the generation of hydrogen and oxygen gas.  The hydrogen would diffuse readily into
almost any terrain, but if the terrain is strong the oxygen would build up significant pressure.  It
might be possible to build up sufficient pressure to effectively support the sidewall and
overburden pressures (analogous to one of the functions of drilling mud in conventional terrestrial
deep drilling applications) and perhaps even further to generate sufficient overpressure to assist
in fracturing the rock ahead of the vehicle.  One can imagine that the vehicle could use this gas
generator to create a "bubble" of gas with such extreme pressure that it becomes the primary
means for fracturing the medium, with the percussive system needed only for porous and
therefore weak terrain where it's performance is excellent.   Development of this gas generator and
demonstration of its effectiveness in likely Mars and comet simulant will be a major research
effort of this task.

Another problem needing an innovative solution is the requirement to move the pulverized
medium from the front of the vehicle to the rear.  We propose to use ultrasonic excitation (as has
been demonstrated in many drilling/coring applications) to "fluidize" the dust and allow it to flow
freely along the sides of the vehicle.   Small channels may need to be fabricated into the surface of
the vehicle to enhance this effect.  Creation and refinement of this subsystem will be another the
major research effort of this task.   It is possible that a fine capillary can be included in the tether
assembly so that some fraction of the dust can be transported out of the hole to the surface so



that 100% recompaction does not need to be achieved.  This has the added benefit that
microscopic samples are returned to the surface for analysis or Earth return.

A final area of research in this activity is the sensing of the terrain ahead of the vehicle, and the
steering of the vehicle into the easiest terrain and/or the most scientifically interesting terrain.
The percussive mobility system provides "free" acoustic excitation of the soil ahead of the
vehicle, thereby providing a means for sensing the soil properties ahead of the vehicle.  An
acoustic sensor in the vehicle, along with an array of sensors on the surface (perhaps deployed
from the lander via Nanorovers) would provide an acoustic image of the subsurface environment.
Using techniques similar to those employed on Earth for oil prospecting, these active seismic
measurements could be used to map individual rocks near the vehicle or layered structures or
fluid bodies much deeper below (e.g. the hydrothermal regions which would be the natural abode
of extant life if it exists on Mars).  This information would be used to steer the vehicle along the
easiest path to the most exciting science sites.

The payload volume of the Subsurface Explorer will contain microinstruments developed in the
JPL MicroDevices Laboratory (MDL).  This will include Raman spectroscopy and mass
spectroscopy, as well as analytical chemistry instruments.  The Mass Spectrometer will use laser
ablation to vaporize a small spot on the sample surface.  The resulting plasma will be channeled
into a electrostatic ion trap which is tuned for a specific mass-to-charge ratio (associated with
each isotope).   After a very brief period, the only molecules remaining in the trap are those with
the selected mass, with all other isotopes dissipating.  The quantity of material in the ion trap is
measured, and the ion trap is returned for the next isotope to be measured.  Arrays of
microscopic ion traps are currently in development and being fabricated by MDL.  The high
vacuum needed for the mass spectrometer is maintained by a ÒgetterÓ which is an ultraporous
material which adsorbs tremendous quantities of gas, and which can occasionally be regenerated
by desorption and thermal entrainment.  The samples enter the system through a hole perhaps
only 10 microns across, so that the choke flow rate of atmospheric gas is relatively low.

The SSX is expected to be approximately 1 m in length, 2 liters in volume, and 20 Kg in mass.
The payload volume is expected to be approximately 0.5 liters and 4 Kg.

Major Milestones FY '98 to FY '02

•  Fabrication of 8-m vertical test facility FY98, 2Q

•  Integration of science subsystem FY98, 4Q

•  Demonstrate Subsurface Explorer moving vertically 1-10 m in FY98, 4Q
loose sand while performing useful scientific measurements (level 2 milestone)

•  Fabrication of steering/control subsystem FY99, 3Q

•  Demonstration of effective steering of Subsurface Explorer FY99, 4Q
(level 2 milestone)

•  Fabrication of acoustic/electromagnetic hazard sensing FY00, 3Q



•  Demonstration of effective acoustic/electromagnetic hazard FY00, 4Q
avoidance (level 2 milestone)

•  Demonstrate ultrasonic dust fluidization for transport around vehicle FY01, 3Q

•  Demonstrate effective recompaction or capillary removal of debris FY01, 4Q
enabling nominally unlimited penetration depths (level 2 milestone)

•  Demonstrate Subsurface Explorer moving vertically 10-1000 m in FY02, 4Q
undisturbed natural permafrost while performing useful scientific measurements (level 1

milestone)

Other Agency Sponsored Activities

None at this time.  There has been considerable study of a possible Europa ice penetrator, which
is quite different due to the use of radioisotope heating to melt ice.  Such a device would have no
capability to penetrate soils or rock.  However, since a radioisotope is needed to provide power
in any event, it is natural to use the abundant waste heat to directly melt the (presumed) water
ice.  

Resources
The originally-proposed program was $1900K over 4 years: due to the reduction in spending to
$300K/year the originally planned scope of work would extend to a total of more than 6 years.

FY '97 FY '98 FY '99 FY '00 FY Ô01 FY Ô02

NASA funding Profile ($K): 300K 300K 300K 300K 300K 300K

Full Time Equivalents (WY): 1.5 1.5 1.5 1.5 1.5 1.5

Current Grants or Contracts

A full-time graduate student at MIT (Brian Anthony) under Professor Kenneth Salisbury is
performing evaluation and integration of acoustic and/or electromagnetic terrain sensing under this
program.

Collaborative/Other Supporting Work
Other funding from the NASA sensor technology program has and will support the development
of microinstruments such as the NMR, Raman Spectrometer, Mass Spectrometer, and chemical
sensors.  The Subsurface Explorer task pays for integration of selected instruments into a fully
functional robotic system and performs system-level performance tests, demonstrations and
analysis.  If co-funding were not available, much of the system-level functionality would be
demonstrated with bench-top science instruments connected to the Explorer via the optical fibers
in the tether.



Flight Validation Plans

None planned in the current development schedule.  The Subsurface Explorer may be suitable for
a proposed FY 2003 Mars Exploration micromission, full scale Mars mission to search for extant
life at a depth of approximately 2 Km in Ô07, or possible comet exploration missions such as the
proposed follow-on to New Millennium mission DS-4.

FY '98 Significant Achievements

Mar Ð Fabricated 8-m vertical test facility with 0.5 m diameter steel pipe.  Initially filled with
sand, this can be replaced with mixture of sand, rock, or other materials.  Facility includes
platform at top for experimental apparatus, crane to move equipment into place, winch to
retrieve SSX, and other equipment.
Aug Ð Signed contract with Colorado School of Mines to conduct research on excavation,
recompaction, and boundry layer transition management.
Sep -  Conducted all-percussive Subsurface Explorer tests in 8-m vertical test facility.

Technology Readiness Levels

Key technologies developed by this task include miniaturized excavation/pulverization
mechanisms, tether power/communications, and dust transport technology.

Technology
Deliverable

1996 1997 1998 1999 2000 2001 2002 2003

Miniaturized excavation/
pulverization mechanisms

3 4 5 6 7*

Tether
power/communications

3 4 6 7*

Dust transport technology 3 4 5 6*
* If flown as part of Mars Õ03 micromission; otherwise likely as Mars Õ07 primary mission to explore below
cryosphere to search for extant Mars life.



7. Rover Localization with Descent Imagery

Task Manager: Larry.Matthies@jpl.nasa.gov
(818) 354-3722

Technical Objectives, Rationale, and Mission Applicability

The Mars Surveyor Program (MSP) plans to conduct a near-lander rover mission in 2001 and long
range rover missions in 2003 and 2005.  Imagery from descent  cameras and from the Mars
Observer Camera (MOC) in orbit will be used to select desired  rover destinations.  In the most
demanding case, this could lead to the selection of terrain features on the order of 10 m in diameter
(eg. a fresh impact crater) to be destinations at distances of up to 10 km from the lander.  This
implies a need to determine rover position to 0.1% of the distance from the lander.  Existing rover
position estimation systems, which are based on wheel encoders, fall two orders of magnitude
short of this goal, since they can experience errors of 10% or more of the distance travelled on
sandy and rocky terrain.

The objective of this task is to develop algorithms for visual landmark recognition that will meet the
target accuracy for rover localization of 0.1% of the distance from the lander -- that is, accuracy
commensurate with the resolution of the best available imagery.  We will achieve this by using
descent and orbital imagery to build a map of landmarks in the terrain, then by recognizing those
landmarks in rover imagery.  While our ultimate goal is to make rover localization completely
autonomous by the 2005 mission, we will develop this capability in a step-wise fashion that also
delivers key functionality to ground-based and onboard software for the 2001 and 2003 missions.

Descent cameras for the 1998 and 2001 Mars Surveyor landers will provide nested sequences  of
descent images covering areas of about 10x10 km, at 10 m/pixel, down to as small as 10x10 m at 1
cm/pixel.  This is far better resolution than that available from orbit, which makes descent imagery
extremely valuable to scientists for mission planning and to engineers for operating the rover.
Rovers for the 2001, 2003, and 2005 missions will explore in the area covered by the descent
imagery and perhaps beyond.

Rover destinations will be identified first in descent imagery, so it will be essential to maintain
estimates of the rover position relative to the descent imagery.  For the Mars Pathfinder mission,
rover localization was done by using the lander to image the rover once a day, downlinking the
imagery to Earth, and requiring human operators to interactively  register a CAD model of the rover
to the imagery.  This method is laborious and imposes heavy constraints on mission sequencing;
moreover, it is completely infeasible once the rover moves beyond view from the lander.  Pure
deadreckoning with heading sensors and odometry is likely to incur position errors  of 10% or
more of distance travelled in Mars terrain, so this is not a solution.  Radio frequency (RF)
navigation aids for rovers are conceivable, but would add to the size and cost of the rover, may
encounter radio shadow and multipath problems, and as a result might also require transmitters or
receivers  on an orbiter.  Rover localization can be done manually, by letting operators on the
ground match features between rover and descent imagery; however, besides being laborious, this
would incur significant operational delays because future rovers will communicate through an
orbiter relay, which will add many hours of latency to communication cycles.  Therefore, this task



will fill a key gap in Mars exploration technology by enabling autonomous rover localization with
the same accuracy as the resolution of imagery used to specify goals; moreover, it will require only
spacecraft hardware that is already essential for other reasons.  This will significantly reduce
operations cost and increase science return by eliminating unnecessary delays for localization by
mission operators on the ground.  Our approach to incremental development of this capability will
deliver critical improvements to both ground and rover software for each mission from 2001 to
2005, provide a key interim demonstration with imagery from the 1998 lander mission, and
provide the ultimate test and validation of performance in the final year of the task with imagery
from the 2001 mission.

This work will revolutionize Mars rover navigation by enabling autonomous rover localization to
within approximately 0.1% of the distance from the lander, which is two orders of magnitude
better than possible with current deadreckoning systems.  Moreover, this work will reduce mission
cost and increase science return, because current rover localization methods require heavy
involvement of ground operations personnel and incur a significant operational delay.  This work
will also benefit the MUSES-CN rover mission and Mars surface exploration in the HEDS
Enterprise.

Technical Approach

In FY’99, we will begin by drawing from photogrammetry to build an incremental bundle
adjustment software system that enables users to interactively match features between overhead and
rover imagery, then automatically estimates the positions of all of the features and rover locations
designated.  This will serve as a necessary foundation for more automated landmark matching and
will deliver an essential ground operations tool to the 2001 rover mission.  Concurrently, we will
develop algorithms that build multiresolution elevation maps from descent image sequences by
sequential correlation; this will deliver important mapping capability for use in visualization and
traverse planning for the 2001 mission.  We will also demonstrate a fully-autonomous stereo
feature tracking system, sufficiently mature for onboard use in 2003, that improves deadreckoning
error to 1% of distance travelled.  In later years, we will extend the multiresolution mapping
capability to knit together elevation maps obtained from descent imagery with local maps obtained
from rover imagery and regional maps obtained from orbital imagery and altimetry.  We will also
develop algorithms that extract landmarks from the map, augment the map representation to include
symbolic descriptions of such landmarks, and develop algorithms to recognize the landmarks in
rover imagery.  All of these algorithms will be tested and demonstrated on helicopter-based descent
imagery to be acquired from Mars analog sites on Earth.  We plan an intermediate test and
demonstration of the algorithms on actual Mars descent imagery obtained from the 1998 Mars
Surveyor lander.  We propose to conclude the work in FY’02 by applying it to imagery obtained
by the 2001 Mars rover mission; this will be extremely valuable as a “technology experiment” in
the mission and will deliver outstanding documentation of the performance of the algorithms in
time for the preliminary design review for the 2005 rover mission.

The strategy behind our technical approach is to pick a very challenging performance objective for
the end of task, then to develop the functions necessary to reach that objective in the order that will
have the most impact on the next three rover missions.  As the final objective, we wish to enable
rovers to find their way autonomously to a target that exemplifies one of the smallest features likely
to be designated in overhead imagery from the largest distance it is likely to be designated;  hence



the goal of finding a 10 m crater from a 10 km distance.  Our stepwise approach will develop basic
tools for mapping and onboard feature tracking in FY’99, then extend the mapping and
autonomous landmark recognition capabilities each successive year.  We will demonstrate
autonomous position estimation with sufficient accuracy to locate such a crater from 500 m away in
FY’99, 2 km in FY’00, 5 km in FY’01, and 10 km in FY’02.

Figure 1:  Incremental bundle adjustment and map extension.  The rectangle
indicates the initial boundary of the map and dots represent landmarks; landmarks
outside the rectangle are added to the map by triangulating from within the map.

Incremental bundle adjustment tool:  In FY’99, we will begin by putting in place an
incremental bundle adjustment tool that optimally estimates rover positions, given interactively
designated correspondences between landmarks in rover and descent imagery.  This will use
classical estimation methods from photogrammetry to triangulate positions from a network of
landmark sightings [7] and will build on a base of existing software at the JPL and at the Ohio
State Center for Mapping [3].  It will also enable extension of the map beyond the boundaries of
descent imagery, by triangulating on landmarks that are beyond the map from two or more rover
positions that are within the map (figure 1).  Such a tool will be valuable in the 2001 rover mission;
moreover, the underlying position estimation machinery is a necessary foundation for maintaining
consistent networks of position estimates as the landmark matching function becomes more
automated.  An important byproduct of this tool will be an error covariance matrix that models the
uncertainty in the rover position at any given time, based on the landmarks used in estimating its
position.  Note that this capability can also be used predictively to answer the question: “if we get
the rover about here, and sight off these landmarks, how well will we know its position?”
Coupled with models of rover deadreckoning error, this will help predict whether rover position
knowledge will be accurate enough to reach particular goals of interest.  In FY’99 we will also
extend existing algorithms for building elevation maps from descent image sequences  and begin
developing a capability for onboard landmark recognition and tracking, as described below.



Building a map from descent imagery: Elevation maps built from descent imagery will be
very useful for identifying potential landmarks, terrain traversability analysis, visualization, and
mission planning in general.  To build such maps, we will:
1. Match features in descent images to establish the coordinate frame location for each image in

the sequence.
2. Establish a multiresolution terrain sampling grid in the ground plane, project from each pixel in

this sampling grid back to epipolar lines in the descent imagery, and correlate across two or
more frames to find the height at that terrain pixel.

Item 1 uses results from work in FY’97 under  funding from the Mars Precision Landing task at
JPL (figure 2).  Items 2 is under independent development in the same task in FY’98.  We propose
to integrate these two approaches in this task in FY’99.  These results will be useful in the 2001
rover mission.

Figure 2: ÒDescentÓ imagery above JPL Mars Yard.  Features were automatically selected and
matched between the left and center images.  Matched features were used to estimate the relative
positions of the cameras, then to estimate the elevations of the feature points.  Elevations are
shown in false color in the right image; the hill in the center is correctly seen as higher than the
surrounding terrain.

In subsequent years, we will extend the multiresolution descent mapping capability to merge it with
(1) higher resolution, more local elevation maps computed from panoramic stereo imagery obtained
by the rover and (2) lower resolution, more global elevation maps produced from orbital imagery



and altimetry. This will require research on efficient, multiresolution map representation and
merging methods. Such merged maps will be useful where rovers revisit areas explored
previously, even in prior missions.

Extracting and recognizing landmarks: A critical technology gap for the 2003 rover mission
is the lack of any automated way to maintain rover position knowledge to better than about 10% of
distance traveled.  The interactive tool described above will alleviate this problem somewhat, but it
will not provide an autonomous, onboard capability that avoids the need to interact with the
ground.  However, in previous work [5] we developed a system that could estimate the motion of
a mobile robot to within 2% of distance traveled by automatically selecting and tracking point
features in stereo image sequences acquired by the robot (figure 3).  With modest refinement of the
outlier detection algorithms, this system should be capable of reaching an accuracy of 1%, with
entirely automatic, onboard software.  We will demonstrate this in FY’99 and use this capability to
achieve our first milestone of accurately navigating to a 10 m crater 500 m away.  This will yield a
potential deliverable into flight software as early as the 2003 rover mission.
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Figure 3: Results for fully autonomous visual position estimation by tracking
point features in stereo image sequences  from a mobile robot.  Stereo pairs were
acquired at 10 cm intervals as the robot drove through the room shown on the
left.  The floorplan on the right shows the true (dots) and estimated (diamonds)
position of the robot for each stereo pair.  Accuracy in this trial was 2% of
distance traveled.

A limitation of the above work is that “landmarks” are defined only in terms of the 3-D coordinates
of point features that are tracked as image templates.  To get beyond the 1% level of performance,
we need to augment this in ways that tie landmarks to terrain features, instead of just image
templates.  We propose to do this first by looking for “small-scale” topographic features that can be
recognized with elevation maps computed onboard the rover from mast-mounted stereo pairs.
Since the Pancam science cameras on the 2003 rover will be able to compute range maps with
useful resolution out to almost 100 m (i.e. 1 m standard deviation at that range), this will give a



reasonable landmark acquisition range from the very beginning.  Note that landmarks will be
relatively sparse, so the rover must know something about when and where to look for landmarks
and be efficient in its search for them.  Therefore, we will develop algorithms that process the
maps on the ground to extract distinctive features at this scale.  Descriptions of these features will
be uploaded to the rover so they can be recognized onboard.  Candidate small-scale features
include large rocks and rock outcrops, edges of lava flows and crater ejecta blankets, and small
craters.  A variety of existing algorithms for extracting curvature extrema from intensity and range
images are germane to this problem [1].  Once these features are extracted from the map and
uplinked, the rover can search for candidate matches in onboard range images and elevation maps
with similar algorithms; note that when landmarks are large rocks or other terrain discontinuities
some distance more or less ahead of the rover, recognition can be cued easily and efficiently as a
byproduct of obstacle detection [4].  By matching as few as one or two landmarks in this manner,
we expect to be able to extend the range of accurate rover traversal to meet our FY’00 milestone of
reaching a 10 m crater from 2 km away.

In regions where the topography does not present sufficient small-scale features, or where the
available overhead imagery doesn’t have the resolution to discern such features (e.g. near the
margins of the largest descent image), it will be necessary to try to localize the rover with larger-
scale landmarks that may be beyond the range of the onboard stereo system.  Several approaches
are possible in is case:

1. When such features form distinctive skyline profiles, like the Twin Peaks at the Pathfinder site,
they can be automatically recognized and used for onboard triangulation of position.  Several
previous efforts have made use of such features [9][2].

2. For extended terrain features that the rover must reach or cross, such as ridges, escarpments,
or crater rims, the rover can be told to follow a heading until it reaches the feature, which could
be recognized with onboard range data as the rover draws near.  If necessary, the rover can
merge onboard elevation maps as it travels to extend the range of its local map to perceive
larger-scale features within the map.

3. In some cases, it may be desirable to exploit terrain following; for example, to follow a ridge or
crater rim to get close to a small target before striking out across relatively featureless terrain
toward the target.  To do this, the rover must be able to recognize the terrain feature it is
following and to estimate the distance traveled along the feature.  These can be done by
analyzing the onboard elevation map and by tracking local features in stereo (i.e. as in figure
3), respectively.

4. For distant highlands that are difficult to automatically match between overhead and ground-
level imagery, it may be possible to bootstrap the map, as suggested by figure 2.  That is, rover
imagery taken from positions separated by several meters could be used to get a sufficiently
long baseline to do stereo ranging to the highlands and to add some description of them to the
map.  Stereo triangulation on nearby features from both rover locations would be used to
accurately measure the baseline.  For some distance of travel thereafter, the rover could just
track image template features on the highlands to estimate position.  A sensitivity analysis is
necessary to assess the accuracy achievable this way.

Since this is work for the third and fourth year of the task, our strategy is to see what the next two
years of MOC imagery suggests about landmark types and distributions before deciding how to



prioritize the above alternatives; at present, however, we anticipate tackling them roughly in the
order listed.  We expect that these capabilities will enable our milestones of accurate navigation
over 5 km in FY’01 and 10 km in FY’02.

Test and evaluation plan: Our plans for evaluating and demonstrating the performance of
these algorithms hinge on three primary data sets: (1) accurately ground-truthed, helicopter-based
“descent” imagery from Mars analog sites in the U.S. southwestern deserts, (2) actual Mars
descent imagery from the 1998 Mars Surveyor mission, and (3) descent and rover imagery from
the 2001 Mars Surveyor rover mission.  For helicopter-based descent imagery, ground truth
elevation maps at a resolution of 1 m/pixel already exist for portions of the military base at 29
Palms, which makes this an attractive prospective site for data collection.  The “1998” Mars lander
mission will actually land in December of 1999; therefore, this will be an important opportunity to
provide an interim test and demonstration of our mapping algorithms halfway through the task.
The 2001 rover mission will land in January of 2002; therefore, by proposing this task to run
through to the end of FY’02, this provides a funded mechanism to demonstrate the capabilities we
develop as a “technology experiment” in conjunction with the mission.  This will provide
substantial validation and documentation of the capabilities in time for the preliminary design
review for the 2005 rover mission, which we expect will take place sometime in the summer of
2002.

Integration into a ground operations system: As the mapping and position estimation
capabilities are developed, we will work with other tasks to integrate these capabilities into ground
operations software systems.  The principal candidate is to integrate the capabilities into the WITS
system being developed under the Long Range Science Rover (LRSR) task at JPL.

Migration of algorithms into rover onboard software: To enable rapid, efficient
progress, we will develop and evaluate our algorithms first as off-line software running on desktop
workstations.  When modules are sufficiently mature, we will work with rover teams to integrate
the algorithms into onboard software and conduct field testing.  We expect that the stereo feature
tracking and position estimation capability proposed for FY’99 will be sufficiently mature that year
to be run in the field and to be delivered into flight software development for the 2001 rover
mission.  Onboard recognition of small-scale topographic landmarks could be ready in time for the
2003 rover mission; use of large-scale landmarks could be ready in part for 2003, with additional
capabilities coming along in time for 2005.

Major Milestones - FY99 to FY02:

FY'99 Demonstrate accurate navigation to a 10 m crater from 500 m away, tracking point features 
to aid in deadreckoning.

FY'00 Demonstrate accurate navigation to a 10 m crater from 2 km away, using small-scale 
topography as landmarks.

FY'01 Demonstrate accurate navigation to a 10 m crater from 5 km away, using both small and 
large-scale topography as landmarks.



FY’02 Demonstrate accurate navigation to a 10 m crater from 10 km away.

Schedule:

FY’99:
•  Software for interactive landmark matching and bundle adjustment; usable by the MSP’01 and

later rover missions.
•  Collect descent imagery data from a helicopter.
•  Software for elevation mapping from descent image sequences; usable by all MSP lander

missions.
•  Software for rover motion estimation with 1% accuracy by autonomous selection and tracking

of point features in stereo image sequences; usable by the MSP’03 rover mission.

FY’00:
•  Software for automated landmark matching for small-scale topography.  Usable for field trials

by the LRSR and ET rovers and for the MSP’03 rover mission.
•  Software for incremental bundle adjustment.
•  Evaluate algorithms on MSP’98 descent imagery

FY’01:
•  Software for merging elevation maps from rover imagery with the elevation map from descent

imagery; usable by the MSP’03 and subsequent rover missions.
•  Software for automated landmark matching for sky-line features; usable for the MSP’05 rover

mission.

FY’02:
•  Software for automated landmark matching for other large-scale topography; usable for the

MSP’05 rover mission.
•  Final report on performance of the algorithms on imagery from the MSP’01 rover mission.

Technology Readiness Level (TRL):
This task will advance the technology for landmark-based rover position estimation from the
current technology readiness level (TRL) of 2 up to TRL 5.

Technology Readiness

1999 2000 2001 2002

Bundle Adjustment 3 4 5
Elevation Map
    from Descent Imagery 4 5
Stereo Feature Tracking
    for Deadreckoning 3 4 5



Landmark Matching for
    Small-Scale Features 3 4 5
Landmark Matching for 
    Large-Scale Features 2 3 4 5

Resources:

$300K per year.

Current Grants and Contracts:

none.

Collaborative/Other Supporting Work:

Partner institutions in this task are  JPL, Malin Space Science Systems (MSSS), and the Ohio State
University Center for Mapping (OSU).

This task will interact with the Long Range Science Rover (LRSR) and Exploration Technology
Rover (ET) tasks at JPL to integrate landmark recognition capabilities into the respective rover
testbeds and jointly conduct field trials of these capabilities.

Flight Validation Plans:

none.
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8. Low-Mass Muscle Actuators

Center:  Jet Propulsion Laboratory Task Manager: Yoseph Bar-Cohen
UPN: 235-40-42 Component Technology

Technical Objectives, Rationale and Mission Applicability:
Actuators are used for many space applications, including deployment, manipulation, release,
articulation, positioning, translation, rotation, locomotion, etc.  The goal of this Low Mass
Muscle Actuators (LoMMAs) task is to enable alternative actuation technology for missions
that place tight restrictions on mass, size, power, and cost.  This task involves with the
development of effective electroactive polymer (EAP) actuators to allow dexterous actuation and
articulation as well as shape control capabilities.  EAPs are emerging as new actuation materials
that have inherent low mass with striction actuation that can be more than two orders of
magnitude higher than piezoelectric actuators.  The mass-producability of polymers and the fact
that no poling is needed (in contrast to piezoelectric materials) helps making EAPs at low cost.
These materials are resilient, have high toughness and strong inherent vibration dampening, can be
easily formed in any desired shape and can be used to build MEMS-type mechanisms (actuators
and sensors).  Such characteristics can be used to develop devices that collect and manipulate
surface samples from a rover or lander as well as remove dust by surface wiping windows/solar-
cells.   EAP is changing the paradigm about robots, where robotic functions can be performed by
actuation material without the need for any mechanism (gears, bearings, pivots, etc.). The bending
EAP was shown to operate at low ambient pressure and cryogenic temperatures making the
technology applicable to planetary in-situ tasks.  The near term objective is to continue
enhancing the characteristics of the two type of EAP actuators that are developed under this
task: a) linear electrostatic actuators and b) bending ionomers. A surface wiper prototype using
bending ionomer will be fabricated at the TRL level 5 and transferred to MUSES-C and other
planetary missions, where dust can be critical to the missions. Further, the linear actuator will be
modified to contract under electroactivation in order to form the equivalence of a muscle.  The
linear actuator will be incorporated into the EAP actuated manipulator arm.  Such EAP devices
(e.g., wiper, gripper and manipulator) are applicable to a number of programs including the
Nanorover, Mars Surveyor, and Inflatable Structures.

Technical Approach:
An interdisciplinary approach is used to develop low mass, compact and low power muscle-
actuators that are driven by efficient EAP materials.  Ion-exchange membrane platinum
composites (IMPC) and electrostatically driven polymers with tailor electric field are
investigated to achieve effective displacement and force actuation for telerobotic devices and
systems. EAP materials are developed and method of fabrication, electroding and characterization
are being established.  Mechanisms (e.g., wiper, gripper and manipulator) that employ EAP
materials are developed to harness the high displacement that is obtained from these low-mass,
compact actuators that consume low power.  These mechanisms are developed in parallel to the



enhancement of the EAP actuation capability and as the materials are improved they are
incorporated into muscle-actuator mechanisms.  To optimize the capability of EAP actuators,
they are modeled theoretically (particularly the bending ionomers) using electromechanical
analysis and the predictions are corroborated experimentally.  Interdigitated electrostatic films
will be produced in a rope and wire shape to induce large displacements/force.  

The bending and linear EAP actuators will be incorporated into a demonstration surface wiper
and a robotic arm simulating a human hand and driven by our control algorithm.  Efforts will be
made to develop surface shape control actuator to allow inflatable structures shape and
configuration control.  These demonstration devices will be used to enable applications to sample
collection, ultra-dexterous and versatile end-effectors, micromanipulators, miniature platforms,
inflatable structures, and deployment devices.  Further, a surface wiper will be fabricated at TRL
level 5 for transfer to MUSES to be used on the Nanorover where the issues of friction forces,
scratch avoidance, removal of electrostatic charges and dust removing efficiency are addressed.
 
Both the arm and the wiper will be subjected to a series of electrical, mechanical, and thermal
tests to determine their performance envelope, and to form a baseline comparison with
conventional electroactive ceramics (EAC). Because the density of polymers is only about 30%
to 50% of the density of electroceramics, EAP-muscle actuators are significantly lighter than
EAC actuators.  Further, the EAP large striction coefficient enables the development of dexterous
actuation mechanisms that require large displacements.  The load carrying capability of the
demonstrator will depend on the success of the efforts to induce large force-actuation and it
would require overcoming the limitation of polymers, in terms of stiffness.  The potential use of
multi-fiber EAP in the construction of muscle-actuators will provide higher stiffness while
assuring resilience and actuation redundancy, i.e., high operation reliability and toughness. The
goal for the drive capability of EAP actuators is to have at least 30% lower mass, 20% lower
volume, and 20% lower power requirements, compared to an equivalent Inchworm (Burleigh
Instruments) linear actuator that is driven by piezoceramics.  The Inchworm was chosen as a
baseline because it is the only electroactive ceramic (EAC) driven actuator that is space qualified
and is in operation for more than 25 years (Telsat series of 6 Hughes satellites developed under a
contract from GSFC in the 70s).

Major Milestones - FY99 to FY00:
Low temperature operational wiper driven by bending EAP Q2 FY99
Deliver surface wiper to MUSES-C Q2 FY99
Sensing feed-back and servo-control drive of EAP Q4 FY99
Develop longitudinal EAP with 15% strain actuation Q2 FY00
Demonstrate multi-DoF dexterous robotic arm Q3 FY00
Integrate EAP-driven dexterous multi-DoF arm into a sample manipulation testbed Q4
FY00

Other Agency Sponsored Activities:
None at this time.



Resources:
FY96 FY97 FY98 FY99 FY00

NASA Funding Profile ($K): 200 200 250 250 250
Full Time Equivalents (WY): .5 .5 .5 .5 .5

TRL Reference Diagram
1996   1997    1998   1999   2000   2001   2002   2003
------    ------   ------   ------   ------   ------   ------   ------

TRL:   2               3           4                  5             6              7
   [--------------task span------------]

                           [---follow-on task---]

Current Grants or Contracts:
A subtask was issued to LaRC at a level of $44K in FYÕ96, $35K in FYÕ97,  $35K in FY'98 and
$35K is planned in FY'99.  Also, a subcontract was issued to NMU at the level of $54 in FYÕ96,
$45K in FYÕ97, $50K in FYÕ98 and $45K is planned in FYÕ99 as well as a subcontract was
issued to VT at the level of $5K in FY'98 and $25K is planned in FY'99.
.
Collaborative/Other Supporting Work:
This task is a conducted in cooperation with Dr. Joycelyn Simpson and Dr. Joseph Smith of
LaRC, under the supervision of Dr. Terry St. Clair, Manager, Composites and Polymers Branch,
Dr. Mohsen Shahinpoor, Director, Intelligent Materials, Structures & Systems Lab, University
of New Mexico (NMU) and Dr. Richard Claus of Virginia Tech.  This cooperation with LaRC
and NMU is done under subcontracts that are funded by this task.  Further, cooperative effort is
underway with Dr. David Wallace of MicroFab Technologies in the area of Inkprinting, Dr.
Chang Liu of UIUC in modeling ESSP actuators, with Dr. Toribio of Basque University, Spain in
alternative EAP, as well as Dr. Johan Nilsson of Lund University, Sweden, in alternative
processing techniques. Also, UNM is working in a collaborative effort with Dupont on the
development of effective bending ionomers.

Flight Validation Plans:
A surface wiper deliverable will be made in Feb. 99 for MUSES-C flight validation path.

FY97 Significant Accomplishments:
Established collaboration with industry (Microfab and Boeing) and international EAP scientists
(Spain, Sweden, Italy and Japanese).  Formed an SPIE international conference on EAP for
March 99.
January - The bending EAP was shown to operate at cryovac conditions.
March - Labview computer code was developed to control the EAP gripper & lifter of the
robotic arm.



May- Effective coating was developed allowing the bending EAP to operate at dry condition for
long time.
July. - A sine-wave shape wire blade was developed for the surface wiper.
FY'98 - 2 Reports of New Technology of EAPs were submitted.



9. Miniature Smart Control Chip for Brushless DC Motor

Jet Propulsion Laboratory,  California Institute of Technology
& Johnson Space Center

Gerald Lilienthal - PI, JPL
Voice: 818-354-9082
Fax: 818-393-4860
gerald.lilienthal@jpl.nasa.gov

Scott Askew - Co-PI, JSC
Voice: 281-483-8957
FAX: 281-483-7580
scott.askew@jsc.nasa.gov

Task Description and Objectives

The objective of this task will be to develop an integrated miniature brushless DC motor with a
new type of ÒSmart motor control Chip (Smart Chip)Ó that will provide motor commutation,
PWM control, velocity control, current control, and motor position, velocity and current
telemetry.  This class of commercial integrated motor and electronics is designated as a Smart
Motor. The primary differences between the existing technology and the proposed technology
development is the scale of the proposed electronics which will make integration of small Smart
Motors (less than 1.5Ó in diameter) possible. The objectives of the Smart Chip will be to
incorporate a radiation tolerant ASIC control chip,  a MEMS or ASIC encoder,  MEMS or
magnetic commutation stage, integrated on a silicon wafer die. In addition, the power stage would
be integrated into the motor along with the smart chip to provide a fully functional motor.  The
integration of these fundamental components of motor control promises to provide intelligent
actuators that perform signal and power processing integral to their electromechanical structure.
This greatly reduces external components (thereby reducing the volumetric requirements) and
simplifies interface to the motors.   An order of magnitude reduction in volumetric requirements
for motor avionics may be possible with this integrated approach.  

Task Justification



As a part of its technology demonstration task the Robonaut project is pushing the envelope in
integrating electronics into a highly dexterous and compact robotic system. The state of the
practice in mechatronic design is inadequate for a truly integrated system and requires the
application of MEMS and ASIC technologies to provide a robust integrated solution. The cost of
this work is well beyond the current scope of the Robonaut project. An opportunity to expand
on the innovative work being performed at JPL and  JSC in ASIC and MEMS technology and
applying it to control of brushless DC motors shows much promise for increasing the level of
integration achieved by the Robonaut project. Without this technology development Robonaut
will be hard pressed to achieve fully embedded electronics, a minimum cable harness, and
serviceable electronics and motor modules.  Robonaut will otherwise continue to use existing
bulky commercially available motor technologies and wait for innovative new technologies to
emerge elsewhere which can achieve further integration in mechatronic design.
Figure 1 illustrates the packaging challenge presented by the Robonaut system.  The volume

within the forearm is limited but must contain the
actuators, electronic drivers and all of the cabling for
articulation of the wrist and fingers.  This is a very
challenging task.  Miniaturization of the motors,
gearing, cabling and electronics is necessary in order to
produce a design that can be sufficiently robust.  

The MEMS commutated motors developed in the prior
program can be used on rover wheels or sampling
systems to develop torque without the use of brushes

and with minimum commutation electronics volume.  The proposed program of R&D would
extend the capabilities of the motors to send speed and position telemetry to the controlling
computer for the purposes of providing dead-reckoning information or sampling rate information.
The products of this task would also allow local speed control with a single command line, one
power line and one return line.

The component technology to be developed under the auspices of this research program can be
applied to a wide range of aerospace and possible commercial uses. Any device which requires
sampling or manipulator control with integral collocated control for precise, high bandwidth
motion control could make use of the products of this task.  These applications include
manipulator drives, sampling devices for planetary missions, instrument pointing devices,
antenna tracking systems, interferometer translators for spectrometers and other systems.

Classification of the technology would be ÒpushÓ to the Robonaut program in particular and to
general sampling and rover programs.  For example, the Mars 2001 program directed by Dr. Jake
Matijevic has expressed interest in is use on his program.

Technical approach

Figure 2.  Robonaut dexterous hand
and wrist.



Building on the current work at JSC with hybrid motor drivers, FPGA motor control, and low
cost radiation tolerant ASIC design, and at JPL in ASIC motor control and MEMS technology,
this task will incrementally build and test a series of increasingly capable devices which will
ultimately reduce the external packaging required for motor drive and encoder feedback of small
brushless DC motors used in space robotic applications. We will work with semiconductor
fabrication houses, motor manufacturers, and sensor technology companies to develop cost
effective and realistic approaches for the device fabrication and integration into the motors.
Companies identified to date that have potential for interest in this technology or could
contribute to this work are Micro Mo Electronics (Micro Mo), a company dedicated to the
commercial small motor market, as well as Aeroflex Laboratories, Inc., which is dedicated to the
aerospace small motor market.  This task would extend the current technology development work
that the MUSES-CN Rover Project is presently engaged in.  Other companies that would be
involved are Non Volatile Electronics (NVE), a company that manufactures semiconductor
magnetic sensors, and Tanner Research, a low cost ASIC and MEMS tool vendor that also has
expertise in ASIC and MEMS design and fabrication. As a first step in finding a commercial
partner for developing this technology a commercial market survey will be conducted to identify
and contact companies with an existing technology and product base which will benefit from this
technology. The devices will be integrated with target motors and tested to characterize their
performance. Future work could include modularizing the design to be compatible with different
motor performances and geometries.

JPL has extensive experience in the design and development of radiation hard flight qualified
motor drive electronics.  This experience will be applied to produce an integrated package that
can be flight qualified and handle the high radiation environments of space and the high input
capacitances of radiation hardened power MOSFETS.

This task will utilize and extend recent work in low cost space qualified ASIC chip fabrication
conducted by JSCÕs Avionics Systems Division in collaboration with the University of New
Mexico and Mississippi State University. This work has developed a low cost method for
developing standard cell ASIC designs which can be manufactured using  an existing commercial
semiconductor fabrication process and will yield latch-up free operation due to single event
upsets (SEU) and achieve total dose radiation tolerance to 100K rad. This design and fabrication
methodology has been demonstrated with CMOS logic ASICÕs and is currently being tested using
analog and mixed signal ASIC designs.

In phase 1 of the Robonaut project a one axis and a three axis hybrid power stage have been
developed. The single axis hybrid chip is 0.6Ó x 1.5Ó x 0.2Ó while the approximate size of the
three axis hybrid is 1Ó x 3Ó x 0.2Ó in volume. This design is overrated for the Robonaut Hand
motors, but no detailed worst case analysis has been performed to determine the margin excess
which can be removed for a reduced volume design.  Additional components may be required to
achieve the radiation hard design.  



The thermal considerations begin to dominate as the volume shrinks and the use of on chip
cooling becomes a key consideration. To minimize the power stage for the Smart Chip a trade
study will be performed to determine the advantages of an integrated ASIC power stage vs. a
hybrid design minimized for Robonaut Hand motor requirements.

This task will leverage work that was completed in the development of a MEMS fabricated
commutation device in FY Õ97 and Õ98. In that task, the feasibility of commutating a brushless
DC motor and at the same time sourcing current to it with the same relay device was
demonstrated.   We will combine the ability of the motor switches to drive the gates of power
MOSFETs in combination with the ability to integrate these devices directly with ASIC
circuitry.  The devices will be installed within the motors.

Figure 2 is a schematic of the Smart Chip controller.  We will start with a silicon wafer into which
we will embed and ASIC circuit for PWM and a set of power MOSFET drivers.  Then, with a
protective silicon nitride layer over this substrate, we will build our surface micromachined relays
that will allow commutation of the motor field windings.  The same techniques will be used to
produce an encoder with approximately 50 lines angular resolution.  This entire chip will then be
packaged and wire bonded.  It will then be mounted to the back of a permanent magnet brushless
DC motor. Alternative encoder technology will be investigated including a new high resolution
magnetic encoder being developed by Micro Mo and giant magnetoresistive (GMR) sensors
developed by NVE which offer miniaturized packaging options. These companies will be one of
the focuses for commercialization efforts.



With this packaging concept, we expect to reduce the number of conductors (including the
encoder) from 12 to 4 per motor.  In addition the packaging volume will be reduced
approximately 90% for the electronics.

The test program will include performance tests to compare the SmartChip to Robonaut phase 1
motor control electronics, life cycle tests to find any weak links related to design or fabrication,
and radiation, thermal/vacuum, and EMI testing to determine the Smart ChipÕs suitability for
space environments.

The first yearÕs testing will include brassboard functional evaluations of the encoder and control
ASIC. In the second year of the program integrated testing of an Engineering Unit will begin. The
third yearÕs testing will extend the integrated testing to cover life cycle and perform complete
environmental tests. The JSC Robonaut team will test the prototype motor developed by this
task along with a Robonaut finger motor to evaluate its performance with respect to the
Robonaut requirements. This motor design will be considered for replacement of the arm and
finger motors in a future Robonaut flight unit based on the outcome of these evaluations.  If this
motor design proves to be good choice for Robonaut, the third year will provide the engineering
to scale up the motor for the Robonaut arm joints and also provide the flight unit Robonaut Hand
Smart Chip motors.

Silicon Substrate
with Cooling PWM embedded

ASIC circuitry

MEMS/ASIC Encoder

MEMS Commutation Switches

Axis of Rotation

Permanent Magnet Rotor
Power
Command/
Feedback
Ground

Packaging

Figure 2.  Schematic of the "Smart Chip".  Notice that the number of conductors is remarkably
reduced.  The device could potentially be manufactured by producing an ASIC and then surface
micromachining the necessary components for the encoder and commutation switches on top of that
substrate.



Technical milestones and Deliverables
1999      2000 2001

Task | Q1   Q2   Q3   Q4   Q1   Q2   Q3   Q4   Q1   Q2   Q3   Q4
_____________________________________________________________________________
Commercial Technology ReviewÉ
Design & Fab EncoderÉÉÉÉÉ    

& Commutation Disk
Bench Testing of Encoder........ÉÉÉÉ

& Commutation Disk
Design and Fab ASIC Control Chip..ÉÉ..
Bench Testing of ASIC Control Chip.................

Milestone for 1999 is a brassboard demonstration unit with an ultra-miniature encoder and an
ASIC motor control chip for control of the Robonaut dexterous hand.
Design and Fab Power stageÉ...........ÉÉÉÉÉÉÉ...
Testing of Power StageÉÉ.......................................ÉÉÉ...
Design and Fab ASIC and Encoder Substrate..............
Testing of Completed Device.....................................ÉÉÉ...
Engineering Unit Smart Chip Design and Fab ......ÉÉ.ÉÉÉ....

Milestone for '00 program is an integrated prototype Smart Motor with built-in encoder, ASIC
PWM drivers combined with a power stage.

Functional Testing of Engineering Unit, Performance ComparisonÉÉ.....
Extend testing to life cycle.......ÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉÉ........ÉÉ...
Environmental testing program..........................................ÉÉ...................
Fabricate complete set of Robonaut Hand Smart Chip motorsÉÉ....ÉÉ...........
Integrate Smart Chip motors with Robonaut Hand...................ÉÉÉÉ...ÉÉÉ........

Milestone for Õ01 program is an environmentally tested, fully integrated Smart Motor tested and
evaluated in the Robonaut program hardware.  

Budget
FY99 FY00 FY01 Total

JPL $200K $200K $150K $550K
JSC $200K $200K $150K $550K
-------------------------------------------------------------------------------------------------------------------------------
Total: $400K $400K $300K            $1,100K

Workforce
JPL (Contractor FTE) .9 .9 .4
JSC  (Civil Service) .8 .8 .45

Technology Readiness

1999   2000   2001   2002   2003
          ------   ------    ------    ------   ------
TRL:   2  3      4       5             6   7  8
         [--------task span--------]
                                         [-follow-on task-]



Dual-use potential

The integrated fabrication of the complete motor drive and feedback electronics on a single wafer
or substrate has potential to significantly impact new motor design and fabrication. The
development of actuators with embedded functional intelligence (as opposed to cognitive
intelligence) in them would benefit many applications. In applications where motor volume will
justify initial startup costs this technology will be immediately useful.  As a part of this task
commercial partners will be sought which will benefit from this work and are willing to commit
funds and resources to the advancement of this technology in the commercial market. There are
existing products that integrate power, sensing, and control into motors and use the designation
of smart motor. However, the scale of these motors is of a much larger size -motor diameters of
4Ó and greater- than is being proposed here and the technology utilized to achieve the integration
is not a significant advancement in the state of the practice. For the small motor market -referring
to motors <1Ó diameter- there has been no similar progress in integrated packaging of electronics
for power, sensing, and control.

Participants

JPL Mechanisms and Electromechanical Systems Development group and JSC Automation,
Robotics, and Simulation Division will cooperatively develop this technology with JPLÕs Gerald
Lilienthal serving as the PI and JSCÕs Scott Askew serving as Co-PI.  Robert Shuler of JSC will
contribute his expertise in low cost, radiation tolerant ASIC design and Mike Johnson of JPL will
contribute expertise in design of multi-axis motor control ASICÕs and rad hard power drivers.
This work will involve contracts with commercial partners for the development of the devices
and will also use the fab facilities of the JPL Micro Devices Laboratory. Testing will be
performed at JSC, JPL and other test facilities. The first yearÕs development motors will be
modified commercial hardware. It is expected that contracts for the design of a custom motor will
be issued during the second year.  The third year of funding will focus on fabrication for project
integration and technology transfer to the commercial partner(s).

R. Scott Askew
(281)483-8957
scott.askew@jsc.nasa.gov
Scott Askew works in the Automation, Simulation and Robotics Division at the NASA Johnson
Space Center. He has worked with robotics and electromechanical systems for the past ten years.
His primary work has focused on the power electronics and control of electromechanical devices.
His current assignment is the avionics lead for the Robonaut project, an anthropomorphic robotic
system under human telepresence control. He obtained a BSEE from the University of Oklahoma
in 1986 and an MS in Electrical Engineering from Virginia Polytechnic Institute in 1990.

Robert L. Shuler
(281) 483-5258
robert.l.shuler1@jsc.nasa.gov



Robert Shuler has worked for the NASA Johnson Space Center since 1974, and has supported
the Shuttle and Space Station programs, advanced mission studies, and micro-electronics
technology development for space applications.  Since 1992 he has supported advanced mission
studies, and been involved in the development of ASIC technology for space applications,
including the design of CMOS based analog & mixed-signal circuitry, the adaptation of
NASA/University of New Mexico radiation tolerant technology for use in standard cell ASIC's,
and ASIC's for vision applications. He obtained a M.S. in Electrical Engineering from Rice
University in 1974, and a B.S. from Mississippi State in 1972.  He holds a U.S. patent stemming
from work in the mid-1980's on computer architectures for artificial intelligence, and has been
awarded the NASA Exceptional Achievement Medal, the Johnson Space Center Superior
Achievement Award, and the Rotary Stellar Award.

Gerald W. Lilienthal
(818) 354-9082
gerald.w.lilienthal@jpl.nasa.gov
Gerald Lilienthal has worked for the Jet Propulsion Laboratory for 11 years.  He has broad
experience in the design and development of both commercial and aerospace electro-mechanical
systems.  He holds a BS degree in Mechanical Engineering from the Univ. of Wisconsin and a MS
in Electrical Engineering from the Univ. of Southern California.  He is currently the Supervisor of
the Mechanisms and Electro-Mechanical Systems Development Group at JPL.  He holds several
U.S. patents and has been awarded the NASA Exceptional Achievement Medal.



10. Inflatable Technology for Robotic Applications ($244k)

Overall Task Manager: Jack.A.Jones@jpl.nasa.gov, (818) 354-4717
CHEM Task Manager: Wiltold.M.Sokolowski@jpl.nasa.gov, (818) 354-4482

TECHNICAL OBJECTIVES

Inflatables have great potential to vastly expand the capabilities of robotic missions.  The
objective of this activity is to select, design, fabricate, and test inflatable components for robotic
applications.  Specific tasks include building a lightweight rover (15 kg) with l.5 m diameter
inflatable wheels that has a range of at least 10 km and is capable of climbing up steep hills and
over large 0.5 m rocks (Figure 1).  Other specific tasks include a study of a miniature inflation
system, integration of a 20 watt inflatable solar photovoltaic power source and development of
CHEM (Cold Hibernated Elastic Memory) rigidizable expandable structures for the most suitable
applications, possibly rover chassis, antennas or deployment mechanisms.

JUSTIFICATION

This proposal represents a logical evolution of NASAÕs inflatable technology research and
development programs and will demonstrate how inflatable technology can be used in a number
of areas to reduce spacecraft mass while increasing system capabilities.  JPL has already
demonstrated how inflatable structures can greatly reduce system mass and manufacturing cost
for antenna systems.  Currently work is under way to develop technology for the Next
Generation Space Telescope inflatable sunshield, solar sails, soil moisture radiometers and mobile
communication satellites.  Now, the combination of inflatable systems herein proposed will
develop a significantly lighter Mars rover that has vastly increased power, traveling speed, range,
and climbing capabilities.  Although the Pathfinder Sojourner  represented a tremendous leap in
rover technology at the time, the small 11-kg Sojourner could only travel around large rocks,  and
never  traveled more than 7 meters away from its Pathfinder base.  By comparison, the Athena
rover, scheduled for Mars launch in 2003, is considerably larger (52 kg) and is capable of traveling
2-3 km distance.  Using inflatable technology for the wheels, chassis, and the photovoltaic power
source, an inflatable rover can accomplish similar traverses as the Athena rover, but with a factor
of over three mass reduction.  This reduction represents significant advances for other space
applications such as general lightweight power systems, lightweight rigidizable components for
space structures and antenna communications systems.

Advantages of CHEM rigidizable structures are that they are a new class of structural materials
that are very simple, light weight, reliable, low-cost, and expandable with small launch volume.  
A myriad potential applications are anticipated in space and commercial sectors.

Although NASA Mars Exploration Program will be the major beneficiary, the following missions
will benefit from the work described in this proposal:



Structure and Evolution of the Universe - ARISE (Advanced Radio Interferometry between
Space and Earth), OWL (Orbiting Wide-angle Lightweight telescope)
Sun Earth Connection - Solar Probe
Solar System Exploration - Mars missions, Jovian Pathfinder, Champollion
Origins - NGST (Next Generation Space Telescope)
Earth Science - IRIS (Imaging Radiometer Inflatable Structure), Light SAR
HEDS - Trans Habitat, Lunar, Mars habitat, rovers
DOD - reconnaissance and surveillance missions
Commercial - mobile communication constellations, terrestrial applications

A simple quarter-scale inflatable rover and a half-scale inflatable rover have already been
fabricated and have successfully demonstrated the mobile capabilities of this new class of rovers.
This work can be classified as Phase 0.  Fabrication and testing of a full-scale, mechanically flight-
like inflatable rover, with over 50% dual leveraged funding, is a logical extension of this novel
technology.  Preliminary fabrication of such a full scale rover has, in fact, already begun (Figure 1)
with funding from the Space Inflatables Project.  Technical areas to be encompassed include
lightweight inflatable, puncture resistant wheel materials, rigidizable component materials,
structural design, and controls.

BACKGROUND

A quarter-scale inflatable rover (38-cm-diameter wheels), and a half-scale inflatable rover (75-cm-
diameter wheels) have already successfully demonstrated that inflatable rover technology can be
used to build lightweight, strong vehicles that can climb rocks which are about 1/3 the wheel
diameter.  Since it is generally believed that about 99% of the Martian surface contains rocks that
are less than 0.5 meter high, then an inflatable vehicle with 1.5-m-diameter wheels should be
capable of climbing rocks up to 0.5 m high, and thus traversing the vast majority of the Martian
surface.

For each of these rovers, the design is relatively straightforward with a minimum of both mass
and complexity.  Each front wheel has a separate, independent motor to allow variable torque in
climbing rocks.  The trailing wheel acts merely as a torque stabilizing device and is pulled over
rocks by the combined drive of the front two wheels.

The CHEM materials use shape memory polymers (SMP) in open cellular (foam) structures.
The SMP foam products of any shape are compacted (folded, rolled, etc.) to small volumes in
soft and flexible condition above their glass transition temperature, Tg.  Subsequently, they are
cooled below Tg and frozen (rigidized).  The external forces are removed during this hibernation
period.  At any time, the compacted CHEM structures can be heated above Tg to soft condition
to have the elastic strain and shape memory restore the  original shape.  Cooling below Tg
rigidizes the products again.  The Tg depending on material varies anywhere from -70 oC to +70
oC, and thus makes CHEM applicable to a wide range of missions.  The changes from soft to



rigidized condition are reversible.  High ratios of expanded/stowed volume and mechanical
strength below and above Tg are achievable.

TASKS

CHEM RIGIDIZABLE STRUCTURE DEVELOPMENT PHASE I ($140K/2=$70K cost
shared with NCA&T)

In this first phase of the CHEM rigidizable structure task, a specific rover application will be
selected and a trade study will be conducted against other approaches such as mechanical and
inflatable deployment.  Some potential applications to be studied include rigidizable chassis,
mast, ramps, solar array, and antenna systems.  After selection of the application, the actual
fabrication of a small scale sample structure will be performed, and material testing will be done
on the structure (NASA Technology Readiness Level 3, or TRL 3).

CHEM RIGIDIZABLE STRUCTURES PHASE II ($0, cost of $140K shared by NCA&T State
University and Inflatables Program)

In the second phase of the CHEM rigidizable structure task, a full scale CHEM hardware system
will be fabricated and tested to confirm required properties.  This system will then be integrated
with the inflatable rover fabricated concurrently under the tasks described below (TRL 5).

INFLATABLES PHASE I (90K/2=$45K cost shared with the Inflatables Program)

In the first portion of this task, driver motors, preliminary inflatable wheels (1.5 m diameter), and
an actual solar photovoltaic array will be integrated to a lightweight chassis (TRL 4).  The wheels
in this task will be fabricated from an inexpensive, yet strong material, without great regard to
mass minimization.  The inflatable solar array was delivered to JPL in August, 1998 (TRL 4).  It
is capable of providing at least 20 watts of electrical power during nominal Earth daytime tests.
A simple power conditioning system will be included in order to attain a constant output voltage
and the array will be rigidized by JPL.  The fully assembled system will be extensively tested in
the JPL Mars Yard to aid in system design optimization (TRL 5).

INFLATABLES PHASE II ($229K, $130K TRIWG, $99K Inflatables Program)

In this task, a lightweight, rugged flight-like wheel design will be fabricated by ILC Dover and
integrated to the full sized rover chassis.  Wheel inflation devices will be studied under a separate
contract to ILC Dover.  Furthermore, a study will be initiated to optimize the stowage of the
deflated rover during transit to Mars, and a small scale model will be fabricated.

The final, fully integrated rover will again be tested extensively in the JPL Mars Yard and will
undergo endurance Òshake-outÓ testing on ÒMars HillÓ in Death Valley National Monument,
California (TRL 6).



DESIGN GOALS

Design goal specifications for the delivered, full-scale rover are shown in Table 1.  The 10-km
range is anticipated to be over 100 times further than the Pathfinder Sojourner, while the 15-kg
system mass is slightly more than Sojourner.  In comparison to the Mars 2003 Athena, the range
and system mass are a factor of over three better than Athena.

For an actual flight  payload, which will only be simulated by size and mass for this task, the
body is anticipated to be a modified Nanorover.  The nanorover whðeðeðlðsð ðaðnðdð ðpðhðoðtðoðvðoðlðtðaðiðcðsð ðwðoðuðlðdð bðeð
ðrðeðmðoðvðeðdð ðfðoðrð ðað ðfðlðiðgðhðtð ðuðnðiðtð,ð ðlðeðaðvðiðnðgð ðað ðtðoðtðaðlð ðmðaðsðsð ðoðfð ðaðbðoðuðtð ð4ð0ð0ð ðgð,ð ðwðhðiðcðhð ðiðnðcðlðuðdðeðsð aðnð ð8ð-ðpðoðsðiðtðiðoðnð ðfðiðlðtðeðrð ðwðhðeðeðlð ðoðnð ðað ð2ð5ð6ð ðxð ð2ð5ð6ð ðaðcðtðiðvðeð ðpðiðxðeðlð
ðsðeðnðsðoðrð ðcðaðmðeðrðað ðaðnðdð ðaðnð ðIðRð sðpðeðcðtðrðoðmðeðtðeðrð ðcðoðvðeðrðiðnðgð ðtðhðeð ðbðaðnðdð ðoðfð ð0ð.ð9ð ðtðoð ð2ð.ð5ð ðmmð ðaðtð ðbðeðtðtðeðrð ðtðhðaðnð ð2ð0ð-nm resolution.  It would
also contain an alpha X-ray spectrometer, which is a miniaturized variant of the APXS used on
Sojourner.

Nanorover communications for an actual flight unit could be boosted by a lightweight
communications chip from the DS-2, which would allow communications to an existing orbiter or
distant ground station relay.

Table 1.  Flight Rover Specifications

Wheel Diameter 1.5 m
Surface Speed 500 m/hr
Power Requirements ~20 watts
System Mass 15 kg
Range >10 km

DELIVERABLES, SCHEDULE, AND BUDGET

The total budget for this program is $598K, of which it is proposed that TRIWG fund $244K, or
44%.  The actual breakdown of costs is as follows:

FY Ô98
Phase 0
Inflatable Solar Photovoltaics $120K, funded by Space Inflatables Program
Inflatable Rover                      $80K, funded by Space Inflatables Program

FY Ô99



CHEM Rigidizable Phase I     $70K, funded by TRIWG
CHEM Rigidizable Phase II    No funding by TRIWG,  $140K shared by NCA&T and
                                                Space Inflatables Program
Inflatables Phase I                   $90K, shared by TRIWG and Space Inflatables Program
Inflatables Phase II                  $129K, funded by TRIWG, $99 funded by Space
                                                Inflatables Program

Deliverables include the following:

Prototype rover with inflatable wheels and inflatable solar photovoltaics March, 1999
Subscale CHEM rigidized structure June, 1999
Full scale CHEM rigidized structure Nov, 1999
Flight-like inflatable front wheels-ILC August, 1999
Inflation Study-ILC August, 1999
Full rover stowage study-ILC August, 1999
Fully integrated and tested rover Nov, 1999   

Outside Contracts:

FY Ô98 -  $120K to ILC, Dover for inflatable solar array
FY Ô99 -  $120K to ILC, Dover for front inflatable wheels, inflation study, and rover

            stowage study with model
           FY Ô99 -  $15K to MHI for development of SMP foam per JPL requirements
           FY Ô99 -  $15K to NCA&T State University for SMP foam testing



11. Intelligent Advisor for Robonaut  (UPN 632, 250K)

Task Manager: Paolo.Fiorini@jpl.nasa.gov
(818) 354-9061

Technical Objectives, Rationale and Mission Applicability

The objective of this task is to enhance the Robonaut operator interface with intelligent visual
aids, enabling natural and uncumbered teleoperation with minimal training. This technology will
simplify using Robonaut anthropomorphic manipulators in a cluttered environment, reduce task
execution time, and minimize the number of operator mistakes. One specific objective of this task
is to demonstrate that the combination of visual input and intelligent visual feedback is adequate
for the remote teleoperation of the Robonaut system.

The current Robonaut project is pursuing the design concept of a robot of the size of a suited
astronaut, with two arms, two human configured hands, a head, a torso, and a stabilizing leg. This
robot is commanded by an intuitive, non-obtrusive (i.e. minimal hardware interface with the
operator) telepresence system as the best way to control the complex robotic system.  This
telepresence control concept is driven by the need to take advantage of the natural physical
correspondence between the robot and the human operator without encumbering the operator
with complex hardware and specific training. The current Robonaut telepresence interface gives
the operator only visual feedback of the remote site and in the next years additional features, such
as tactile and force feedback, will be added to improve the operator perception of the remote
environment. Furthermore, additional sensors, such as data gloves, will be used in the input
portion of the interface to increase its robustness and its ease of operation. However, intelligent
enhancements to the operator interface that would help the operator master the kinematic
complexity of Robonaut, and better understand the remote sensor readings would be a new
significant operational capability. Even if this objective is only partially achieved, the addition of
intelligent advising capabilities to the telepresence interface would significantly reduce the
operator fatigue, increase reliability, and simplify Robonaut operation. Furthermore, these
features will be instrumental in the development of the planned fully autonomous Robonaut
system. For these reasons, the demonstration of technologies enabling Robonaut semi-
autonomous functions would be a technology pull and will speed up the development of fully
autonomous astronaut substitutes.

This task has applicability to Robonaut future missions, in particular when the manipulator arms
will be used to perform tasks in confined space and in proximity to, or in contact with, critical
flight components.



Technical Approach

Currently, the communication between the operator and the remote Robonaut using the
telepresence interface consists of direct gestures, to command the motions of Robonaut arms by
duplicating the operatorÕs arm motions, and of visual feedback from the remote cameras.
Although quite rich, a communication based solely on visual information needs to be enhanced by
other means, such as force and tactile feedback and input from sensors and data gloves, to ensure
control robustness and ease of use. Furthermore, cognitive support functions, such as obstacle
detection, motion planning and graphical animation, would also reduce operatorsÕ fatigue and
improve their efficiency. To address these needs, this task will develop two main technology
elements: a Command Advisor to provide safety checks on the motion commands and to
compute motion trajectories, and a Sensory Advisor to visualize Robonaut sensor data. These
two advisors will be capable of intelligent functions, i.e. will interpret motion commands and
sensor data using a priori knowledge of the human body, of the remote environment, and real time
kinematic information. By displaying this information using graphical overlays, the advisors will
artificially enhance the operator perception of the remote environment and validate motion
commands before execution.

The main elements of the Command Advisor task will be the Visual Replica, the Kinematic
Obstacles, the Motion Planner, Trajectory Clutch, and the Communication Enhancements.
Motion commands for a dexterous manipulator are notoriously difficult to compute and require
additional parameters besides the Cartesian coordinates. Currently, the operator articulations are
mapped directly into the manipulator joint angles, thus requiring a continuous correspondence
between the operator and the robot. The Virtual Replica overcomes this problem by using an
abstraction to represent the remote manipulator, thus effectively de-coupling it from the
operator. It will also compensate anatomical differences among operators, and account for
unmodeled degrees of freedom of the human body. The operator motions will be estimated by the
Telepresence Visual Tracker, and converted into commands for the Virtual Replica, whose joint
positions will then be used as set points for the remote manipulator.  Before sending the set
points to Robonaut, the new positions will be checked for possible collision and kinematic
singularities. A graphical icon, called the Kinematic Obstacle, will be visualized on the display to
inform the operator of these dangerous situations. Complete trajectories for the Robonaut arms,
will be computed by the Motion Planner using start and end points provided by the operator and
the distance of the arms from the environment.  The trajectory will be visualized on the display
for selection by the operator. Before execution, the trajectory will be verified with respect to a
model of the remote environment, by de-coupling the Virtual Replica from Robonaut using the
Trajectory Clutch. The computer-generated model of the environment will also provide the
operator a bird-eye view of the remote scene, when the operator is viewing task details with the
robot cameras. To enhance the information exchange between the operator and the telepresence
interface, the Visual Tracker and the Command Advisor will be integrated with Robonaut voice
input/output capabilities. Visual input will be enhanced to include multiple camera views to
overcome the limitations due to self-occlusion of the operator body. Furthermore, the current
system only tracks a single arm, whereas the full body motion should be modeled and tracked by



the telepresence interface. Voice commands will be used for mode changes, start and stop, and
emergency, whereas voice output will be primarily used to generate warning signals.

The Sensory Advisor will consist of the Distance Display, and the Force/Torque Display. The
Advisor will display the distances between the manipulator body and the environment as
graphical overlays on the video images. The distances will be initially computed from a data base
of the remote environment, and later supplied in real time by Robonaut stereo vision system. The
Sensory Advisor will also display graphical icons representing the values of the forces and
torques measured by the remote manipulator in the remote environment. The icons will also
suggest the operator  a corrective maneuver that would eliminate these forces, when necessary.  

The key metric in the performance evaluation of the overall FY99-01 interface enhancements will
be average completion time, number of errors, and average force and torques, during experiments
with the Robonaut system.

In support of this task, JSC Robotics Laboratory has agreed to support the integration of the
intelligent advisors with Robonaut, and to provide data from the visual tracker and the remote
sensors. In particular, the visual tracker will initially provide joint positions of a single operator
arm, which will be extended to include both arms and full body tracking. Data from the remote
Robonaut will include camera images, force and torque data, and environment range maps.

Major Milestones FY '99 to FY '01

•  Development and testing of the motion command generator FY99, 2Q

•  Development of the kinematic monitor FY99, 3Q

•  Integration and testing   FY99, 4Q
 (Level 2 milestone)

•  Development and testing of the Sensory Advisor FY00, 2Q

•  Development of the communication enhancements FY00, 3Q

•  Integration and testing    FY00, 4Q
 (Level 2 milestone)

•  Development and testing of the trajectory generation  FY01, 2Q

•  Integration and testing with Robonaut FY01, 3Q

•  Full body visual tracking FY01, 3Q

•  Performance analysis and characterization FY01, 4Q
(Level 1 milestone)

Other Agency Sponsored Activities



None at this time.

Resources

FY '99 FY '00 FY '01
NASA funding Profile ($): 250K 475K 430K
Full Time Equivalents (WY): 1.5 4.0 4.0

Collaborative/Other Supporting Work

This task is an integral part of development activities for the Robonaut program and will be
undertaken in close cooperation with the robotic team at the JSC. The elements listed in the
Approach section as deliverables from JSC to JPL will be developed under NASA sponsorship
and are required for the success of this task.

A post-doc at Caltech (Enrico Di Bernardo) under Professor Pietro Perona is developing
innovative methods for visual tracking of the human body, which may be integrated at a later
time.

Flight Validation Plan

None planned in the current development schedule and level of funding.  

Technology Readiness

The following chart identifies task span and approximate technology maturity by fiscal year:

[                   1997    1998    1999    2000    2001  ]
[                  ------- ------- ------- ------- ------ ]
[Command Advisor:    2       3       4        5      6    ]
[Sensory Advisor:    2       3       4        5      6    ]
[                                  [-     task span      -]



12. Obstacle Detection for the Ranger Telerobotic Shuttle Experiment (UPN 632, 150K)

Task Manager: Bruce.Bon@jpl.nasa.gov
(818) 354-4969

Technical Objectives, Rationale and Mission Applicability

The objectives of this task are:

- Support integration and testing of the JPL-developed model-based obstacle detection (OD)
software with the Ranger flight software. Make any necessary changes to allow the OD
software to interact effectively with the other flight software.

- Enhance the OD software as needed to increase its performance and to balance its demands
for computational resources with those of other Ranger flight software components.

- Add to and modify the obstacle detection database (ODDB), as needed to correctly model the
Ranger arms, the SpaceLab pallet,  task elements and safety boundaries.

The FY'98 task, Obstacle Detection for the Ranger Telerobotic Shuttle Experiment, has
developed OD software for use in the Ranger flight software environment.  This OD software is
able to detect obstacles and warns of impending collisions of the Ranger arms and electronic and
manipulator modules with the SpaceLab pallet, task elements including tools and ORU's, and the
Ranger safety envelope. It supports Ranger "repositioning" and "manipulation" operational
modes and is designed to integrate easily into flight software developed at SSL.

Since the planning of the FY'98 task, the Ranger launch date has been pushed back until mid-
2000, and the full integration and test of the JPL and SSL software needs to be shifted
accordingly.  Furthermore, the Ranger flight software environment has limited  computational
resources, in particular memory and CPU cycles.  Therefore, it is impossible to quantify OD
performance in the flight software environment and make the necessary adjustments to achieve
optimum performance, until the Ranger flight software is mature. Furthermore, not all of the
hardware task elements have been finalized by the end of FY'98, and additional database models
and modifications to the existing ones will be required as task elements are designed and built.
Until hardware and flight software are frozen prior to launch, changes and corrections in the flight
software may require changes to the OD software. For these reasons, it is prudent to continue a
modest JPL effort which will both enhance the performance of the OD software delivered in
FY'98 and support OD through software integration and test activities and post-launch
operations.



This task has applicability to many future missions in which robot arms will be used to perform
tasks, especially when such tasks must be performed close enough to critical space systems (e.g.
Shuttle bay components and experiment hardware) that potentially damaging collisions are
possible.  

Technical Approach

During FY'99, we will travel to Maryland several times to support integration and testing.  Using
information and experience gained on these trips, we will modify or rewrite the code to enhance
OD performance and edit the obstacle detection database (ODDB) as new information becomes
available about ORU's, tools and other task elements.  We will also respond to any integration
issues that  arise.

During FY'00, through launch and operations, we will continue to support integrated testing and
to edit the ODDB as needed. As new versions of the following become available, SSL will need to
provide copies to JPL:

- The graphical simulation program that models the Ranger with all 4 robotic arms, the
SpaceLab pallet and task objects.

- Engineering prints and other information sufficient to provide the geometric information for
modeling the Ranger and all objects that be included in the obstacle detection database.

- Cartesian kinematic control software for the Ranger arms.

In addition to these deliverables, SSL will need to provide a laboratory environment of adequate
fidelity and personnel support for integration and collaborative evaluation of OD performance
and reliability. This will need to be available periodically for the duration of the task.

Major Milestones

FYÕ99 Deliver enhanced obstacle detection software and obstacle detection database to SSL for
integration (Level 1 Milestone).

FY'00 Deliver to SSL the final, frozen, flight version of the obstacle  detection software and
obstacle detection database (Level 1 Milestone).

Other Agency Sponsored Activities

None at this time.



Resources

Task activities will continue during FY99 and FY00.  NASA will provide funding of $150K  in
FY99 and JPL will provide 1.0 WY full-time equivalent workforce. The expected funding for
FY00 will be $120K.

Collaborative/Other Supporting Work

This task is an integral part of development activities for the Ranger TSX program and will be
undertaken in close cooperation with the Ranger team at the SSL. The products listed in the
Approach section as deliverables from SSL to JPL will be developed under NASA sponsorship
and are required for the success of this task.

Flight Validation Plan

Flight qualification requirements will be obtained from NASA and/or the SSL, and code to meet
these requirements will be incorporated into the deliverable software.  Between the first software
delivery in September 1998 and the final delivery in 1999, SSL and JPL personnel will collaborate
to perform required testing and to identify any revisions necessary to meet flight requirements.

Technology Readiness

The following chart identifies task spans and  approximate technology maturity by fiscal year:

          1995    1996    1997    1998    1999    2000
         ------- ------- ------- ------- ------- -------
TRL:        2      3       4       5        6       7
                 [- OD/CA task -]  [-    TSX OD      -]

where OD/CA refers to the earlier ÒDexterous Arm Control for the Ranger Flight ExperimentÓ
task, and TSX OD refers to the current task (ÒObstacle Detection for the Ranger Telerobotic
Shuttle ExperimentÓ).


